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PREFACE  AND  EVALUATION 


The  process  of  take-off  and  landing  is  inherent  in  all  High!  operations,  but  it  has  been  treated,  generally,  as  a 
necessary  subset  of  the  primary  mission  application.  For  some  years  attention  to  the  take-off  and  landing  phase 
has  focused  on  VTOL  and  V/STOL  operations.  Not  since  1063  had  the  Flight  Mechanics  Panel  explicitly  addressed 
the  subject  of  landing  or  take-off  of  conventional  aircraft.  Consequently,  the  Panel  felt  it  would  be  useful  to  take 
a fresh  look  at  the  problem  area,  particularly  at  the  tradeoffs  involved  in  design  and  operations  important  to  the 
process  of  take-off  and  landing  and  of  specific  interest  to  the  (light  mechanics  disciplines  and  concerns. 

The  operational  functions  involved  in  take-off  and  landing  are  a demanding  combination  of  technology  and 
human  skills.  Increasingly,  the  optimization  of  this  operation  is  impacting  total  mission  performance.  Whatever 
function  is  to  be  performed,  whether  weapon  delivery,  aerial  combat,  logistics  support  or  civil  airlift,  the  importance 
of  improving  the  qualities  of  the  approach  and  landing  manoeuvre  is  clear.  For  the  most  part  take-off  is  not  a 
problem.  Only  for  a short  period  of  climb-out  are  the  constraints  significant  and  even  there  the  options  for  solutions 
are  available.  However,  in  the  landing  manoeuvre  the  fundamental  concern  for  safety  in  the  transition  from  steady 
airborne  operation  to  a satisfactory  landing  continues  to  present  a challenge.  To  this  we  now  add  the  concern  lor 
effective  utilization  of  the  terminal  facilities,  the  impact  of  operations  on  the  environment,  the  imposition  of 
"presence”  on  the  neighbors  of  the  airport  and  the  unpredictable  phenomena  associated  with  more  operations  in  a 
smaller  airspace.  All  of  these  considerations  can  occur  in  a variety  of  atmospheric  conditions. 

The  Flight  Mechanics  Panel  has  a role  in  giving  thorough  consideration  to  trades  involved  in  the  application  of 
fundamental  design  disciplines.  The  Panel  is  concerned  with  understanding  the  factors  which  influence  system 
options  and  which  promote  harmony  between  the  vehicle  and  the  operator.  This  Symposium  offered  the  opportunity 
to  develop  a beneficial  exchange  of  views. 

The  Symposium  did  not  surface  any  new  topics  but  it  highlighted  some  points  quite  clearly  and  called  for 
alertness  to  new  opportunities,  as  follows: 

The  precision  with  which  an  aircraft  (light  path  can  be  controlled  under  unfavorable  conditions  is 
extremely  important.  Encouragement  was  given  in  the  new  control  technologies. 

Direct  lift  control  (DLC)  and  direct  side  force  control  (DSFC)  provide  significant  alternatives  in  permitting 
precise  corrections  at  very  low  altitudes.  These  concepts  offer  promise  of  substantial  improvement  in  the 
pilot’s  ability  to  make  corrections. 

The  desire  to  incorporate  such  control  techniques  to  reduce  airspace  use  and  help  accomplish  steeper 
approach  paths  is  clearly  apparent;  it  is  envisioned  that  special  systems  are  needed  to  reduce  pilot  work- 
load. 

The  need  for  steeper  approaches  and  new  techniques  for  reducing  noise  exposure  near  the  terminal  area, 
or  vulnerability  to  hostile  action  outside  the  airfield,  was  addressed  by  several  techniques  which  deserve 
continued  exploitation,  including  two-segment,  continuously  decelerating  and  low  power  dynamic 
approaches. 

Pilot  workload,  stress  levels  and  the  need  for  “natural”  cues  brought  forth  considerable  discussion  on  the 
need  for  better  displays. 

The  incorporation  of  DLC  and  other  configuration  variables  specifically  for  improved  landing  performance 
was  cited  as  appropriate  for  control  configured  vehicle  (CCV)  designs. 

For  designs  which  do  not  lend  themselves  to  fully  automated  landing  systems  the  man/machine 
relationship  and  pilot  workload  were  noted  to  be  very  important;  the  life  scientist  (psychologist)  and  the 
pilot  should  be  brought  more  completely  into  the  design  process. 

With  or  without  the  fully  automatic  mechanization  the  fundamental  techniques  ol  control  harmonization, 
direct  force  systems,  improved  operational  techniques,  and  more  predictable  pilotage  commands  will 
continue  to  challenge  (light  mechanics  research. 
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SUMMARY 

Throughout  the  history  of  aviation,  there  has  been  a steady  trend  toward  the  utilization  of  higher 
maximum  lift  coefficient  as  aircraft  size  and  cruise  velocities  have  increased.  These  trends  have  gener- 
ated a need  for  trades  between  cruise  performance  and  take-off,  climb,  and  landing  performance.  Through 
the  years,  the  application  of  high-lift  technology  to  new  aircraft  developments  has  been  led  by  wind- 
tunnel  research. 

In  an  effort  to  improve  methods  for  development  of  high-lift  capabiltles,  theoretical  methods  for  the 
analysis  of  the  two-dimensional  characteristics  of  flap  systems  have  been  described  and  compared  with 
experimental  data.  The  need  to  extend  these  methods  to  adequately  describe  flow  separation  effects  has 
been  noted.  Further,  methods  for  three-dimensional  analysis  have  also  been  described. 

At  the  present  time,  operational  airplanes  have  utilized  most  of  the  mechanical-flap  developments 
demonstrated  in  wind  tunnels.  Further  increases  in  maximum  lift  coefficient  will  require  the  utilization 
of  engine  thrust  for  powered  lift.  Four  powered-lift  concepts  have  been  described  to  outline  some  of  the 
options  currently  being  developed.  Two  jet-flap  theories  have  been  described  which  provide  analytical 
methods  for  estimation  of  the  three-dimensional  aerodynamic  high-lift  performance  characteristics  of 
powered- lift  systems.  While  these  latter  methods  provide  a useful  beginning,  further  refinement  is  needed 
to  make  them  useful  for  estimating  powered-lift  performance. 

SYMBOLS 

b wing  span,  m (ft) 

c wing  chord,  m (ft) 

eg  section-drag  coefficient,  Section  drag/(qc) 

Cj  section-lift  coefficient,  Section  lift/(qc) 

cm  section  pitching-moment  coefficient,  Section  pitching  moment/(qc) 

cp  pressure  coefficient,  (Piocai  - p)/q 

CD  drag  coefficient,  Drag/(qS) 

Cp,  lift  coefficient,  Lift/(qS) 

Cl  max  maximum  lift  coefficient 

Cm  pitching-moment  coefficient,  Pitching  moment/ (qSc) 

CN  normal-force  coefficient,  Normal  force/(qS) 

Cp  thrust  coefficient,  Thrust/(qS) 

q dynamic  pressure,  N/m4  (lbf/ft4) 

p static  pressure,  N/m^  (lbf/ft^) 

S wing  area,  m^  (ft^) 

T thrust,  N (lb) 

V velocity,  knots 

W aircraft  weight,  N (lb) 

x,z  airfoil  abscissa,  ordinate,  cm  (in.) 

a angle  of  attack,  deg 

flap  deflection,  deg 

jet-deflection  angle  with  respect  to  the  wing  chord  plane,  deg 


e 
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1.  INTRODUCTION 


Requirements  of  high-performance  aircraft  dictate  a variety  of  lifting  conditions  throughout  the 
flight  regime  (Ref.  1).  In  cruise,  there  is  a requirement  for  good  efficiency  (high  lift-to-drag  ratio) 
or  for  high-speed  capabilities  (increased  wing  sweep  and/or  thinner  airfoils).  During  take-off,  the  high- 
lift  coefficient  which  is  required  to  reduce  the  take-off  velocity  (shorter  ground  run)  is  constrained  by 
the  need  for  high  lift-to-drag  ratios  to  permit  adequate  climb.  During  approach  and  landing,  considerably 
higher  lift  coefficients  are  often  needed  to  reduce  approach  speeds  and  the  resultant  landing  ground  roll. 


These  many  requirements  have,  through  the  years  (Fig.  1),  been  satisfied  by  increased  maximum  lift 
coefficients  for  take-off,  climb,  and  landing  operations  on  new  high-performance  airplanes  (Ref.  2). 

These  increases  have  been  made  possible  by  wind-tunnel  developments.  During  most  of  this  time  (Fig.  2), 
these  high-lift  developments  have  utilized  flaps  for  high  trailing-edge  camber;  and,  in  many  cases  where 
the  leading  edge  is  loaded,  additional  leading-edge  camber  is  needed.  These  high-camber  shapes  have  been 
achieved  using  multiple-element  trailing-edge  flaps  and  leading-edge  slats. 


Using  the  definition  of  lift  coefficient 


V 'V 


it  is  noted  in  Figure  3 that  the  airplane 


minimum  flight  velocity  is  proportional  to  the  square  root  of  the  ratio  of  wing  loading  divided  by  maxi- 
mum lift  coefficient.  Most  of  the  current  aircraft  operate  at  approach  lift  coefficients  of  1.5  to  1.8. 
As  high-performance  aircraft  are  developed  for  higher  wing  loadings,  the  present  approach  speeds  and 
resultant  field  lengths  can  only  be  maintained  through  the  use  of  higher  maximum  lift  coefficients. 

Large  lift  increases  (Fig.  1)  arc  most  readily  available  using  higher  thrust-to-weight  ratios  in  the  form 
of  powered  lift  (Ref.  3). 


The  primary  purpose  oi  this  paper  will  be  to  review  the  recent  developments  in  the  design  of  high- 
lift  devices  and  estimation  of  their  performance  characteristics.  First,  two  different  two-dimensional 
computational  methods  will  be  described  for  application  to  airfoils  and  to  multiple-element  high-lift 
flaps.  Then,  results  of  these  methods  will  be  related  to  three-dimensional  wing  planforms.  Finally, 
some  methods  for  analyzing  three-dimensional  powered-lift  concepts  will  be  discussed. 


2.  TWO-DIMENSIONAL  ANALYSIS 


2.1  Vlrcous-f low,  hlgh-llft  flap  analytical  methods 

The  essential  elements  of  the  NASA/Lockheed-Georgia  two-dimensional  high-lift  flap  computer  program 
(Ref.  4)  are  shown  in  Figure  4.  Depicted  by  the  sketch  in  the  figure  is  a single-slotted  flap  having 
flow  around  the  two  airfoil  elements  and  through  the  slot  forward  of  the  flap.  The  first  step  in  com- 
puting the  single-slotted  flap  characteristics  is  to  obtain  the  potential-flow  solution  for  the  flow 
around  each  of  the  airfoil  elements  in  proximity  of  the  other.  From  the  data  obtained,  the  basic  boundary 
layer  for  each  airfoil  element  is  computed  and  combined  with  results  from  the  slot-flow  analysis  to  obtain 
the  confluent  boundary  layer  over  the  downstream  element,  which  is  the  flow  interaction  between  the  basic 
airfoil  shape  to  produce  a new  equivalent  airfoil  shape.  The  normal  and  axial  forces  and  the  pitching 
moment  are  computed  by  integrating  the  pressure-distribution  data.  This  procedure  is  repeated  until  a 
convergence  in  the  value  of  normal  force  is  obtained.  It  has  been  found  that  the  results  from  this  two- 
dimensional  program  agree  well  with  available  two-dimensional  data  on  flapped  airfoils. 

An  application  of  the  NASA/Lockheed-Georgia  program  is  shown  in  Figure  5 and  reported  in  Reference  5. 
The  experimental  data  were  obtained  from  Reference  6 from  a gap  optimization  investigation  using  a single- 
slotted  flap  having  a 10°  drooped  nose  and  a flap  deflection  of  30°.  The  flap  was  moved  with  respect  to 
the  airfoil  in  order  to  vary  the  gap  as  is  indicated  in  the  sketch.  The  two-dimensional  lift  coefficient 
is  presented  as  a function  of  the  flap  gap  in  percent  of  the  basic  wing  chord.  The  symbols  indicate  the 
experimental  data  at  an  angle  of  attack  of  0°.  This  angle  of  attack  was  selected  for  the  comparison 
because  the  analytical  prediction  cannot  account  for  separation  effects  and  is  only  valid  up  to  that  point 
where  separation  occurs  on  the  wing.  The  analytical  results  obtained  from  the  method  of  Reference  4 are 
shown  by  two  curves;  the  inviscid  prediction  from  potential  flow  is  shown  as  the  solid  curve  and  the 
viscous  prediction  as  the  dashed  curve.  The  inviscid  prediction  does  not  give  an  optimum  gap  setting; 
rather  it  indicates  that  the  maximum  lift  for  this  flap  configuration  at  0°  angle  of  attack  would  occur 
for  zero  gap,  which  is  not  in  agreement  with  previous  experience.  The  viscous  prediction  indicates  that 
the  optimum  gap  is  about  2 percent  c,  which  is  in  agreement  with  the  experimental  data.  This  prediction 
shows  promise  that  the  analytical  procedures  will  provide  valuable  guidance  in  optimizing  flap 
configurations. 

An  additional  correlation  of  program  results  with  experimentally  derived  data  is  provided  in  Fig- 
ure 6.  The  three-element  NACA  23012  airfoil  (Ref.  7)  used  here  is  composed  of  a leading-edge  slat  plus  a 
single-slotted  trailing-edge  flap.  The  correlation  for  the  normal-force  and  pitching-moment  coefficients 
(Fig.  6(a))  shows  good  agreement  between  the  viscous  theory  and  the  experimental  data  in  the  range  of 
angle  of  attack  where  there  is  no  flow  separation  apparent.  As  noted  in  the  reference  source,  the  force 
data  are  corrected  for  tunnel  wall  effects  in  such  a direction  as  to  reduce  the  overall  pressure  level. 

The  pressure  data  remain  in  an  uncorrected  form  (Fig.  6(b)).  If  such  a correction  were  made,  it  probably 
would  account  for  the  minor  difference  shown  in  the  two  pressure  distributions.  These  data  can  be  con- 
sidered fairly  typical  of  the  correlations  currently  obtained  by  the  present  method  as  well  as  by  the 
methods  described  in  References  8 and  9.  These  comparisons  definitely  illustrate  the  need  to  improve  the 
present  methods  to  properly  account  for  flow  separation.  In  addition,  it  should  be  noted  that  there  are 
very  few  two-dimensional  high-lift  slotted-flap  airfoil  pressure  data  available  for  comparison  with  these 
theories. 

2.2  Inviscid.  Inverse  airfoil  design  method 

Another  analytical  method  fjr  airfoil  design  has  been  defined  in  References  10  and  11  to  obtain  high 
maximum  lift  coefficients  for  single-  or  multiple-element  airfoils.  This  method  is  useful  for  design  of 
leading-edge  slats  and/or  trailing-edge  flap  elements.  The  method  first  determines  the  separation-free 
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pressure  distribution  at  maximum  lift  and,  then,  based  on  this  pressure  distribution,  determines  the  air- 
foil coordinates  for  an  incompresslble-inviscid  flow.  The  resultant  airfoil  iB  then  evaluated  in  the 
NASA/Lockheed-Ceorgia  two-dimensional  high-lift  flap  program  to  determine  the  effects  of  viscosity  on  the 
design  pressure  distributions.  A comparison  of  theory  and  experiment  from  Reference  12  is  presented  in 
Figure  7 for  angles  of  attack  of  3.4°  and  12.2°.  These  results  are  typical  of  those  observed  over  this 
range  of  angles  of  attack.  The  agreement  between  the  theory  and  experiment  is  good  except  for  the  pres- 
sures measured  at  an  angle  of  attack  of  3.4°  on  the  lower  surface  near  the  leading  edge  where  the  experi- 
mental data  indicate  the  formation  of  a separation  bubble  with  downstream  reattachment  of  the  flow. 

3.  THREE-DIMENSIONAL  ANALYSIS 

Current  subsonic  three-dimensional  analytical  methods  are  usually  based  on  potential  methods  and  are 
suitable  only  for  inviscid  flow.  At  the  present  time,  solutions  for  viscous  three-dimensional  flow  are 
not  available  even  though  there  is  research  under  way  to  develop  three-dimensional  boundary-layer  methods 
suitable  for  wings.  However,  an  empirical  method  is  presented  which  can  be  used  to  estimate  stall  charac- 
teristics of  straight-wing  aircraft. 

As  an  illustration  of  present  three-dimensional  analytical  methods,  two  procedures  will  be  used  with 
data  obtained  from  tests  of  a general  aviation  configuration  (Fig.  8)  which  utilized  a recently  developed 
airfoil.  This  configuration  had  an  unswept,  untapered,  aspect-ratio-9.0  wing  with  2°  of  washout  at  the 
tips.  The  airfoil  and  its  section  characteristics  are  presented  in  Figure  9.  The  correlation  of  the  two- 
dimensional  pressure  distributions  obtained  from  theory  (Ref.  4)  and  experiment  (Ref.  13)  at  an  angle  of 
attack  of  4.17°  is  presented  in  Figure  9(a).  The  same  excellent  agreement  (Fig.  9(b))  between  experimental 
and  theoretical  two-dimensional  lift,  drag,  and  pitching  moment  was  obtained  for  the  .Jigles  of  attack  where 
trailing-edge  boundary-layer  separation  was  not  present.  The  three-dimensional  experimental  data  (Ref.  14) 
are  presented  in  Figure  10  along  with  results  from  two  three-dimensional  analytical  methods  (Refs.  15 
and  16) . 

One  analytical  method  (Ref.  16)  utilizes  a vortex-lattice  (see  lower  right  portion  of  Fig.  10)  which 
is  paneled  on  a planar  surface  with  zero  thickness  to  represent  the  wing-body  configuration.  The  method 
represents  a simple  extension  of  lifting-line  theory  and  requires  very  little  computer  storage  or  time  for 
its  solution.  The  solid  curve  on  Figure  10  shows  excellent  agreement  in  the  range  of  angle  of  attack 
having  a linear  lift-curve  slope  (unseparated  flow).  The  drag  coefficient  due  to  lift  was  computed  and 
found  to  agree  well  with  the  experimental  data  when  it  was  combined  with  the  experimental  profile-drag 
coefficient  obtained  at  zero  lift  coefficient.  Analytical  methods  are  available  to  estimate  profile  drag; 
however,  they  were  not  used  for  this  correlation.  The  pitching-moment  coefficient  correlation  is  not 
particularly  good. 

A more  sophisticated  three-dimensional  method  (Ref.  15)  adds  source  panels  on  the  surface  of  the  wing 
and  body  to  represent  thickness  while  leaving  a modified  vortex  lattice  on  the  wing  chord  plane.  Using 
this  method  (see  dashed  curve  in  Fig.  10),  there  is  a modest  overprediction  of  lift  coefficient  at  a given 
angle  of  attack,  even  though  the  linear  port  on  of  the  lift-curve  slope  shows  excellent  agreement.  For 
drag  and  pitching-moment  coefficients,  the  slopes  are  predicted  accurately,  even  though  the  levels  are 
somewhat  low. 

Evaluation  of  these  results  indicates  that  the  addition  of  thickness  to  an  inviscid  method  causes  an 
overprediction  of  lift  coefficient.  Experience  with  the  previously  discussed  two-dimensional  viscous 
method  indicates  that  this  overprediction  would  be  corrected  by  the  addition  of  a viscous  boundary-layer 
representation  which  would  reduce  the  effective  wing  camber  near  the  trailing  edge.  This  effect  would 
reduce  lift  coefficient  and  increase  pitching-moment  coefficient.  Another  deficiency  is  that  neither 
method  gives  any  indication  of  flow  separation.  Again,  this  requires  development  of  adequate  three- 
dimensional  boundary-layer  methods. 

At  the  present  time,  there  is  an  empirical  method  available  (Ref.  17)  for  estimating  the  character- 
istics of  straight-wing  aircraft  approaching  stall.  These  characteristics  are  obtained  with  a computer 
program  which  utilizes  lifting-line  theory  and  available  data  for  the  wing  section  characteristics.  The 
effectiveness  of  this  method  is  illustrated  in  Figure  11  for  the  previously  described  general  aviation 
configuration  (Fig.  8)  where  both  theoretical  and  experimental  two-dimensional  input  data  were  used.  While 
there  were  minor  differences  between  the  sets  of  section  input  data  for  drag  and  pitching-moment  coef- 
ficients, the  differences  in  lift  coefficient  were  more  striking.  The  poor  results  obtained  using  the 
theoretical  two-dimensional  data,  which  did  not  account  for  separation  effects,  are  quite  apparent.  In 
contrast,  the  good  agreement  obtained  using  the  experimental  two-dimensional  data  indicates  the  importance 
of  an  accurate  representation  of  the  stall  characteristics  for  the  utilization  of  the  method  of  Reference  17. 
The  analytical  method  outlined  in  Reference  17  computes  the  wing,  not  wing-body,  pitching  moment.  To 
obtain  the  wing-body  pitching  moment  presented  in  Figure  11,  the  computed  wing  pitching  moment  and  the 
experimentally  measured  body  pitching  moment  were  summed. 

4.  POWERED-LIFT  AERODYNAMICS 

4.1  Effect  of  high  lift  on  landing  performance 

Some  information  on  the  landing  performance  of  high-lift  systems  is  presented  in  Figure  12.  The  varia- 
tion of  lift  coefficient  with  angle  of  attack  for  two  types  of  high-lift  systems  is  shown  on  the  left-hand 
plot  of  Figure  12.  The  bottom  curve  represents  the  present  state  of  the  art  for  mechanical  flaps,  and  the 
top  curve  is  for  the  same  mechanical  flaps  with  discrete  leading-edge  blowing.  Mechanical  flap  systems 
can  attain  maximum  lift  coefficients  as  high  as  3.5.  With  this  level  of  maximum  lift  coefficient,  the 
maximum  usable  lift  coefficient  of  approximately  2.0  (indicated  by  the  circle  symbols)  can  be  maintained 
in  the  landing  approach.  The  calculated  usable  lift  was  based  on  the  present-day  rules  for  civil  trans- 
ports which  use  a 1.3  speed  margin  between  the  stall  speed  (maximum  lift  capability)  and  the  approach 
speed.  The  right-hand  plot  of  Figure  12  presents  the  variation  of  lift  coefficient  with  velocity  for  wing 
loadings  of  3.83  kN/m^  (80  lb/ft^)  and  5.75  kN/m^  (120  lb/ft^).  Also  given  in  this  plot  is  the  field 
length  that  goes  with  the  velocities  when  they  are  considered  to  be  approach  velocities.  It  can  be  seen 


from  the  data  that,  for  a lift  coefficient  of  2.0  in  the  approach  as  indicated  for  the  mechanical  flap,  the 
level  flight  approach  speed  is  in  the  neighborhood  of  138  knots  with  a corresponding  field  length  greater 
than  1.5  km  (5000  ft)  for  a wing  loading  of  5.75  kN/m^  (120  lb/ft^).  Howeve*-,  if  this  same  lift  capability 
is  used  on  an  airplane  with  a low  wing  loading,  such  as  3.83  kN/m^  (80  lb/ft^),  the  approach  speed  can  be 
reduced  to  about  115  knots  and  field  length  can  be  reduced  to  about  1.2  km  (4000  ft).  If  leading-edge 
blowing  or  discrete  boundary-layer  control  is  used  at  the  leading  edge  of  a mechanical-flap  system  in  such 
a way  that  it  is  not  appreciably  affected  by  the  engine  power  level  and  if  the  present  ground  rules  for 
speed  margins  apply,  an  approach  lift  coefficient  of  2.5  and  the  higher  wing-loading  field  length  of 

1.2  km  (4000  ft)  can  be  attained.  For  the  lower  wing  loading,  the  speed  can  be  reduced  to  about  90  knots 
with  a corresponding  reduction  in  field  length  to  0.80  km  (2500  ft).  If  performance  levels  much  higher 
than  that  shown  for  the  flaps  plus  leading-edge  blowing  are  desired,  use  of  powered  lift  will  be  required. 

4.2  Powered-lift  concepts 

Powered-lift  concepts  develop  circulation  lift  that  is  proportional  to  the  installed  thrust-weight 
ratio  of  the  aircraft  and  depend  on  the  efflux  irom  the  power  source  to  develop  a large  portion  of  this 
additional  lift.  Some  high-lift  concepts  that  might  be  considered  are  shown  in  Figure  13.  The  high-lift 
configurations  shown  in  the  upper  portion  of  Figure  13  have  internally  blown  flap  systems  in  which  air  is 
taken  from  the  engines  and  ducted  through  the  wing  and  out  to  slots  across  the  wing  span.  These  config- 
urations require  that  the  engines  have  a relatively  high  pressure  ratio  to  pump  air  efficiently  through 
these  ducts.  The  sketch  at  the  upper  right  of  Figure  13  shows  a conventional  jet  flap  which  could  be 
installed  on  such  an  airplane  for  which  this  ducted  air  is  blown  out  of  slots  over  a simple  trailing-edge 
flap  system.  A considerable  increase  in  lift  capability  of  conventional  transport  configurations  can  be 
obtained  with  the  jet  flap.  An  augmentor-wing,  high-lift  system  which  also  might  be  used  on  this  airplane 
is  illustrated  at  the  upper  left  of  Figure  13.  This  augmentor  wing  not  only  uses  the  air  that  is  blown 
out  of  the  slot,  but  the  flap  itself  is  essentially  an  ejector  which  entrains  some  of  the  free-stream  air 
into  the  flap  system  to  augment  the  jet  thrust.  With  this  augmentation,  the  efficiency  of  the  flap  is 
improved  at  very  low  speeds;  however,  the  mechanical  complexity  is  increased. 

Systems  that  depend  on  the  external  flow  of  the  efflux  from  the  wing  are  shown  in  the  middle  portion 
of  Figure  13.  This  type  of  system  takes  advantage  of  very  high-bypass-ratio  engines  that  have  low  noise 
levels  and  represent  simple  applications  of  the  jet-flap  principle.  The  sketch  at  the  middle  left  of 
Figure  13  shows  an  externally  blown  flap  system  with  a double-slotted  flap  which  is  deflected  behind  the 
engine  so  that  the  air  flows  through  the  slots  and  induces  circulation  lift  over  the  wing.  Another 
externally  blown  flap  concept  is  shown  at  the  middle  right  of  Figure  13  where  the  engine  nacelle  is 
mounted  on  the  wing  upper  surface,  and  its  efflux  blows  over  the  flaps  as  a thick  Coanda  jet  across  a 
portion  of  the  wing  span.  This  concept  utilizes  the  wing  to  shield  the  ground  from  direct  engine-exhaust 
noise  so  that  a lower  flyover-noise  level  is  possible. 

4.3  Powered-lift  analysis 

Almost  all  of  the  development  of  these  powered-lift  concepts  have  been  based  on  wind-tunnel  research 
which  has  achieved  the  maximum  lift  coefficients  illustrated  in  Figure  1.  Recently,  several  efforts  were 
undertaken  to  develop  analytical  methods  for  the  analysis  of  powered-lift  aerodynamic  performance.  For 
these  methods,  Spence's  two-dimensional  jet-flap  theory  (Ref.  18)  has  been  extended  to  three  dimensions 
(Refs.  19  and  20).  A comparison  of  experimental  data  (Ref.  21)  with  calculated  results  using  the  method 
developed  by  Lissaman  (Ref.  19)  is  presented  in  Figure  14.  Other  comparisons  are  presented  in  Refer- 
ence 22.  One  application  (Fig.  15)  of  particular  interest  involved  an  externally  blown  flap  configura- 
tion whose  experimental  performance  was  calculated  by  the  theories.  For  input  to  these  computations, 
detailed  measurements  of  the  mixed  free  stream  and  propulsion  flow  at  the  wing  trailing  edge  were  made 
with  a three-velocity-component  hot-film  anemometer.  As  described  in  detail  in  Reference  22,  these 
velocities  were  integrated  to  provide  the  experimental  variations  of  momentum  and  deflection  as  a func- 
tion of  spanwise  location.  These  data  were  then  used  in  the  methods  of  References  19  and  20  to  calculate 
the  lift  coefficient  performance.  These  results  (Fig.  15)  indicate  that  significant  progress  is  being 
made  to  predict  the  performance  of  powered-lift  concepts.  This  work  also  demonstrates  that  further 
development  of  the  methods  is  needed  to  define  how  the  propulsion  flow  interacts  with  the  free  stream 
between  the  engine  exit  and  the  wing  trailing  edge  to  analytically  determine  its  trailing-edge  momentum 
and  deflection  angle. 

5.  CONCLUDING  REMARKS 

This  paper  has  shown  that  throughout  the  history  of  aviation  there  has  been  a steady  trend  toward 
the  utilization  of  higher  maximum  lift  coefficients  as  aircraft  size  and  cruise  velocities  have  increased. 
As  a direct  result,  the  wing  loading  (W/S)  and  the  thrust-weight  ratio  (T/W)  have  increased.  These  trends 
have  generated  a need  for  trades  between  cruise  performance  and  take-off,  climb,  and  landing  performance. 
Through  the  years,  the  application  of  high-lift  technology  to  new  aircraft  developments  has  been  led  by 
wind-tunnel  research.  In  an  effort  to  further  improve  high-lift  capabilities,  theoretical  methods  for 
optimization  of  multiple-element  flap  systems  are  being  developed.  The  theoretical  methods  for  the 
analysis  of  the  two-dimensional  characteristics  of  flap  systems  have  been  described  and  compared  with 
experimental  data.  The  need  to  extend  these  methods  to  adequately  describe  flow-separation  effects  has 
been  noted.  Further,  methods  for  three-dimensional  analysis  have  also  been  described. 

At  the  present  time,  operational  airplanes  have  utilized  most  of  the  mechanical -flap  developments 
demonstrated  in  wind  tunnels.  Further  increases  in  maximum  lift  coefficient  will  require  the  utiliza- 
tion of  engine  thrust  for  powered  lift.  Four  powered-lift  concepts  have  been  described  to  outline  some 
of  the  options  currently  being  developed.  Two  jet-flap  theories  have  been  described  which  provide 
analytical  methods  for  estimation  of  the  three-dimensional  aerodynamic  high-lift  performance  character- 
istics of  powered-lift  systems.  While  these  latter  methods  provide  a useful  beginning,  further  refine- 
ment is  needed  to  make  them  useful  for  estimating  powered-lift  performance. 
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Figure  1 . - Trend  for  maximum  lift  coefficient  capabilities. 
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Figure  4.  • Computational  sequences  of  NASA/lockheed-Georgia  two-dimensional 
multi-element  viscous-flow  airfoil  program. 
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(a)  Normal  force  and  pitching  moment 
Figure  6.  - Comparison  of  two-dimensionol  theoretical  and  experimental 
three-component  NACA  23012  airfoil. 
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(b)  Pressure  distribution  at  a = 8° 
Figure  6.  • Concluded. 
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Figure  5.  • Gop  optimization  results  from  10°  drooped  nose 
airfoil  with  slotted  flap. 
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Figure  7.  • Comparison  of  two-dimensionol  theoretical  ond  experimental 
results  for  on  oirfoil  optimized  for  maximum  lift. 
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Figure  8.  - Aspect- ratio-9  general  aviation  mode!. 


Upper  surface 
Lower  surface 


D Experimental  data  (Ref  13) 
— Viscous  theory  (Ref  4 ) 


(a)  Pressure  distribution  at  a = 4.17° 

Figure  9 - Comparison  of  two-dimensional  theoretical  and  experimental 
results  for  improved  17-percent-thick  general  aviation  airfoil. 


(b)  Lift,  drag,  and  pitching  moment 
Figure  9.  - Concluded. 
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Boeing  Inviscid  Theory  (Ref.  15) 

Vortex  Lottice  Inviscid  Theory  (Ref.  16) 

— o — Experimental  Data  (Ref.  14) 


Boeing  Paneling 


Vortex  Lattice  Paneling 
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Figure  10.  • Comparison  of  three-dimensional  inviscid  theoretical  and 
experimental  data  for  general  aviation  model. 
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Figure  11.  - Comparison  of  three-dimensional  viscous  stall  theoretical  and 
experimental  data  for  general  aviation  model. 
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Figure  14.  - Comparison  of  three-dimensional  jet-flap  theoretical  and 
experimental  data  for  an  aspect-ratio-6  wing  with  partial  span  blowing 
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Figure  15.  • Comparison  of  fhree-dimensionol  jet-flap  theoretical  and 
experimental  data  for  an  externally  blown  flap  model. 
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SUMMARY 

By  means  of  an  aircraft  synthesis  programme  the  effect  of  engine  cycle,  thrust  to  weight  ratio, 
and  wing  parameter  combination  on  field  and  flight  performance  has  been  investigated. 

U sing  different  lift  systems  and  ground  deceleration  devices  the  conditions  are  shown  under  which  a 
matching  of  flight  and  field  performance  is  economically  feasable. 

INTRODUCTION 

There  are  two  major  operational  tasks  for  fighter  aircraft.  Each  of  them  require  various, 
sometimes  contradicting  capabilities:Payload/Range  performance  is  essential  for  Close  Air  Support/ 
Interdiction  type  missions,  manoeuverability  is  required  for  Air  Superiority/Air  Defence  tasks.  A 
summary  of  parameters  which  effect  mission,  manoeuvre.and  field  performance  is  shown  in  Fig.  1. 
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Fig.  1 PERFORMANCE  ASSESSMENTS 


Fig.  2 RANGE  OF  VARIATION 


Wing  loading  and  thrust  to  weight  ratio  affect  most  frequently  aircraft  performance.  A high  wing  loa- 
ding, for  example,  penalizes  take-off  and  landing  performance,  on  the  other  hand  it  is  beneficial  to  cruise 
performance.  A high  thrust  to  weight  ratio  is  favourable  for  take-off  and  manoeuvre  performance.  Due 
to  lower  power  setting,  however,  high  thrust  to  weight  ratios  penalize  payload/range  performance  rather 
severely.  Other  parameters  such  as  aspect  ratio,  wing  sweep,  engine  cycle  etc.  have  similar  effects 
on  field  and  flight  performance,  Since  all  these  parameters  influence  not  only  aircraft  performance  but 
aircraft  weight  at  the  same  time,  the  effect  must  be  investigated  simultaneously.  This  can  be  done  most 
efficiently  and  most  consistently  by  means  of  an  aircraft  synthesis  programme  (Ref.  1). 

1.  RANGE  OF  VARIATION 

For  three  different  engine/intake  configurations  thrust  to  weight  rat' o and  wing  loading  were 
varied.  Each  combination  represents  an  aircraft  designed  to  meet  a specified  mission  radius.  Plain 
flaps  and  an  alternate  aspect  ratio/wing  sweep  combination  were  investigated  for  the  high  bypass  ratio 
engine/pitot  intake  configuration  only  (Fig.  2).  All  landing  distances  were  computed  using  different 
ground  deceleration  devices.  In  addition, alternate  mission  performance  has  been  calculated  based  on  a 
low  altitude  mission  profile. 

2.  GROUND  RULES  AND  BASIC  ASSUMPTIONS 
Base  Design 

All  aircraft  synthesized  for  this  study  are  considered  to  be  derivatives  from  one  base  design 
shown  in  Fig.  3.  This  configuration  is  a single  seat,  fixed  wing,  supersonic  fighter  in  the  20  000  LB- 
weight-class.  A moderate  wing  loading  and  an  appropriate  choice  of  wing  and  intake  location  guarantee 
weapon  cariing  capability  and  good  manoeuverability.  There  were  no  high  Bpeed  manoeuvering  devices 
built  in.  The  aircraft  synthesis  takes  into  account  all  primary  and  secondary  scaling  effects  and  repre- 
sents adequately  the  preliminary  design  process  with  all  the  major  disciplines  involved. 
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Fig.  3 BASE  DESIGN 
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Fig.  4 MAX.  REHEAT  THRUST 
AND  SFC  COMPARISON 


Engine  Performance 

In  order  to  show  the  effect  of  engine  cycle,two  engines  of  the  same  state  of  technology  were 
compared:  a high  bypass  ratio  (BPR  = 1.3),  high  compression  ratio  engine  and  a low  bypass  ratio  en- 
gine (BPR  = . 3),  low  compression  ratio  engine.  The  high  BPR -engine  was  designed  for  low  fuel  con- 
sumption at  max.  dry  thrust  setting  and  high  subsonic  Mach  numbers.  The  low  BPR,  low  compression 
ratio  engine  was  designed  for  low  specific  fuel  consumption  at  max,  reheat  condition  and  supersonic 
Mach  numbers.  Some  characteristic  performance  data  are  presented  in  Fig,  4 . All  data  are  instal- 
led values,  assuming  a variable  double  wedge  intake  for  both  engines.  In  comparison, data  for  the  high 
BPR/pitot  intake  combination  are  shown. 

Manoeuver  ability 

There  are  several  possibilities  to  describe  or  measure  manoeeverability  performance.  For 
a high  speed  interceptor  one  would  measure  manoeuverability  at  low  g-conditions  in  terms  of  climb 
acceleration  time  or  specific  excess  power  (Fig.  5).  For  air  superiority  fighters  operating  at  high  sub- 
sonic speeds,  specific  excess  power  at  low  and  high  load  factors  is  an  appropriate  measure  for  manoeu- 
verability. For  self  defence  capability, maximum  load  factor  or  maximum  turn  rate  respectively  seems 
to  be  a good  measure  for  manoeuvre  performance  (Ref.  2).  In  this  study  manoeuverability  is  defined 
in  terms  of  specific  excess  power  (as  shown  in  Fig.  5)  at  specified  Mach  number,  altitude, and  load 
factor  conditions. 
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Fig,  b summarizes  the  ground  rules  and  basic  assumptions  used  for  take-off  and  landing  cal- 
culation. It  has  to  be  noted  that  take-off  distances  are  computed  using  a take-off  weight  which  is  30  per- 
cent higher  than  the  take-off  gross  weight  for  the  design  mission  described  below.  This  is  to  account 
for  off-design  operational  payload  carriing  capability.  In  addition,  it  has  to  be  mentioned  that  the  terms 
wing  loading  and  thrust  to  weight  ratio  used  in  this  study  are  based  on  design  mission  take-off  gross 
weight  and  not  on  the  30  percent  overload  condition. 


Mission  Profiles 

Fig.  7 describes  design  mission  and  alternate  mission  profiles.  The  design  mission  was  used 
to  determine  the  amount  of  internal  fuel.  It  is  an  air  superiority  type  profile  which  contains  elements 
of  loiter,  optimum  cruise, and  combat  manoeuvering  with  maximum  reheat.  In  order  to  account  for  the 
difference  in  combat  performance  of  aircraft  with  different  thrust  to  weight  ratios, a gain  of  energy  height 
was  used  instead  of  a fixed  combat  time  requirement  (Fig.  5)  to  estimate  combat  fuel  allowance  (Ref.  3). 


DESIGN  MISSION  PROFILE 


a)  Warm-up,  take-off,  accelerate  to  climb 
Mach  number 

b)  Climb  with  max,  dry  power  and  max, 
rate  of  climb 

cl  Cruise  at  25, 000  ft, 

d)  Descent 

e)  Combat  M • .9  In  10,000  ft, 
energy  gain  100, 000  ft. 

fl  Climb  with  max.  dry  power 

g)  Cruise  at  25,000  ft. 

h)  Oescent 

I)  loiter  at  SL 

k)  Landing  with  10%  fuel 

Missiles  are  on  during  the  whole  mission. 


ALTERNATE  MISSION  PROFILE 


al  T.O.  - MaxA/B 
bl  Accelerate  to  opt,  Mach  number 

c)  Cruise  at  opt,  Mach  number 

d)  Dash  at  M • , 8 

el  Combat,  2 min  military  power, 
drop  bombs 

f>  Dash  at  max.  dry  thrust  speed 
gl  Cruise  at  M*.  8 
hi  Loiter  15  min, 
il  Landing  with  10%  fuel 

External  Stores;  2 x 150  GAL  tanks 
4 x 1000  LB  bombs 


Fig.  7 MISSION  PROFILES 


3.  ASYMPTOTIC  THRUST  TO  WEIGHT  RATIO 

Wing  loading  and  thrust  to  weight  - as  mentioned  earlier  - are  the  driving  parameters  with  re- 
spect to  vehicle  performance  and  size.  It  could  be  expected,  as  indicated  in  Ref.  2,  that  there  is  a fea- 
sibility limit  for  extreme  combinations  of  thrust  to  weight  ratio  and  wing  loading.  Fig.  8 shows  three 
diagrams  where  take-off  gross  weight  is  plotted  against  thrust  to  weight  ratio  for  two  extreme  wing 
loadings.  Each  curve  represents  a serie  of  aircraft,  designed  for  a mission  radius  of  150  n.  m. , for 
which  the  take-off  gross  weight  is  given  as  a function  of  thrust  to  weight  ratio  and  wing  loading.  The 
first  two  diagrams  differ  by  the  selection  of  sweep  angle  and  aspect  ratio  while  wing  taper  ratio  is 
held  constant.  Due  to  a higher  structural  weight  for  higher  aspect  ratio  wings,  take-off  gross  weight 
shows  a stronger  progressiveness  especially  for  the  lower  wing  loadings.  A design  iteration  divergence 
can  be  expected  at  a thrust  to  weight  ratio  of  about  1.  6.  For  the  low  bypass  ratio,  low  compression 
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AND  WING  LOADING  LIMITS 
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ratio  engine  asymptotic  thrust  to  weight  ratios  can  be  assumed  at  about  1,0  for  the  low  wing  loading, 
and  1.  3 for  the  high  wing  loading.  The  main  reason  for  the  low  asymptotic  thrust  to  weight  ratios  in 
the  latter  case  is  the  fact  that  for  higher  thrust  to  weight  ratios  the  power  setting  during  cruise  flight 
becomes  rather  low, thus  specific  fuel  consumption  increases  more  rapidely  compared  with  the  high 
bypass  ratio  engine  (Fig.  4).  The  penalizing  effect  is  quite  significant  at  high  thrust  to  weight  ratios. 

As  shown  in  Fig.  9 a similar  problem  arises  when  the  design  mission  radius  is  increased. 

4.  PERFORMANCE  COMPATIBILITY 

Any  combination  of  wing  loading  and  thrust  to  weight  ratio  stands  for  one  aircraft  design  as 
shown  in  the  previous  figures.  When  substituting  thrust  to  weight  ratio  by  vehicle  flight  and  field  perfor- 
mance - which  can  be  achieved  with  this  thrust  to  weight  ratio  at  a specified  wing  loading  and  take-off 
gross  weight  - a diagram  as  presented  in  Fig,  10,  can  be  drawn.  It  shows  in  a schematic  manner  take- 
off gross  weight  as  a function  of  wing  loading  for  any  combination  of  flight  and  field  performance  require- 
ments. There  is  one  line,  for  example,  representing  a subsonic  high  load  factor  turn  requirements  in 
terms  of  specific  excess  power  at  a specified  Mach  number,  altitude,  and  load-factor  condition,  going 
from  the  upper  right  to  the  lower  left  corner  of  the  diagram.  This  tendency  indicates,  that  for  high  load 
factors  (which  means  high  lift  coefficient  and  high  induced  drag)  the  use  of  a larger  wing  (lower  wing 
loading)  in  spite  of  its  higher  structural  weight  results  in  a lower  take-off  gross  weight.  On  the  other 
hand  a vehicle  which  is  designed  for  a low  load  factor  supersonic  requirement  benefits  from  a higher 
wing  loading  (smaller  wing)  because  of  the  smaller  zero  lift  drag  (wave  drag).  A third  line,  designated 
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Fig.  10  MATCHING  (SCHEMATIC) 
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Fig.  11  FLAP  SYSTEM  - DECELERATION 
DEVICES  EFFECTIVENESS 

as  "minimum-weight-field-performance"  is  a curve,  connecting  values  of  different  field  performance 
which  can  be  achieved  at  minimum  take-off  gross  weight.  The  upper  part  of  the  curve  combines  merely 
the  points  where  take-off  and  landing  distances  are  equal.  The  lower  part  of  the  "minimum-weight- 
field-length"  curve  represents  the  field  length,  where  take-off  does  not  match  landing  distance,  because 
minimum  weight  for  a given  take-off  distance  is  achieved  at  a wing  loading  smaller  than  required  for 
matching  field  performance. 

Performance  matching  is  achieved  at  ar  intersection  of  at  least  two  requirement  lines.  For 
example:  subsonic  turn  performance  matches  supersc.uc  dash  performance  at  A,  subsonic  turn  require- 
ment matches  "minimum  weight  field  length"  at  B.  There  is,  however,  no  compatibility  of  supersonic 
dash  performance  and  "minimum  weight  field  length". 

Fig,  1 1 shows  the  effect  of  high  lift  and  ground  deceleration  devices  on  achievable  field  length 
and  take-off  gross  weight.  The  solid  lines  indicate  "minimum  weight  field  lengths"  for  different  dece- 
leration devices.  It  can  be  seen  how  each  of  the  different  deceleration  devices  has  its  own  area  of  appli- 
cation; so  does  the  thrust  reverser  at  low  wing  loadings  (low  approach  speeds),  the  drag  chute  at  mode- 
rate wing  loadings,  and  brakes  only  at  high  wing  loadings. 
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Fig,  12  presents  the  principles  of  matching  for  a sample  set  of  requirements.  These  are: 

a)  2000  FT  field  length, 

b)  SEP  = 200  FT/i  at  Mach  = . 7,  Alt.  = 10  000  FT,  Load  factor  = 5. , 

c)  SEP  = 1 100  FT/S  at  Mach  = .9.  Alt.  = Sea  level.  Load  factor  = 1. 

It  happens  that  all  requirements  size  the  aircraft  simultaneously  (left  diagram).  Utilizing  the 
lighter  plain  flap  lift  system,  the  lack  of  lift  is  compensated  by  a reduction  in  wing  loading,  the  Mach 
= . 7 turn  performance  requirement  is  exceeded,  the  take-off  gross  weight,  however,  higher  than  for  the 
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previous  case.  Switching  to  a higher  aspect  ratio  the  minimum  weight  is  achieved  at  a higher  wing  loa- 
ding (due  to  better  flap  efficiency)  compared  with  the  first  case.  The  take-off  gross  weight,  however,  in- 
creases because  of  a structural  weight  penalty  for  the  higher  aspect  ratio  wing. 
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Fig.  13  SUBSONIC  VERSUS  SUPERSONIC  MANOEUVRE  REQUIREMENTS,  R = 150  n.m. 

A trade  between  subsonic  and  supersonic  manoeuvre  capability  is  shown  in  Fig,  13  for  two  dif- 
ferent intakes.  The  minimum  take-off  gross  weight  to  meet  a Mach  = , 7 subsonic  and  a Mach  =1,6 
supersonic  turn  requirement  is  achieved  at  a lower  wing  loading  for  the  double  wedge  intake  than  for 
a pitot  intake  aircraft.  Take-off  gross  weight, however.is  still  higher  because  the  weight  penalty  for 
a double  wedge  intake  offsets  the  advantage  of  better  supersonic  performance. 
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Fig.  14  EFFECT  OF  ENGINE  PERFORMANCE,  R = 150  n.m. 


The  effect  of  engine  characteristics  is  shown  in  Fig.  14  . To  maintain  the  same  performance 
levels,  take-off  gro6s  weights  for  the  low  BPR-engine  are  much  higher  and  more  sensitive  to  a change 
in  wir.g  loading  than  the  high  BPR-engine. 


An  indication  how  alternate  mission  performance  is  affected  by  thrust  to  weight  ratio  and  wing 
loading  is  given  in  Fig.  15.  The  strong  performance  degradation  (at  constant  design  mission  radius) 
with  increasing  thrust  to  weight  ratio  is  caused  by  the  fact,  that  in  contrast  to  the  design  mission  - where 
about  40  percent  of  fuel  is  consumed  during  combat  - almost  the  entire  alternate  mission  is  flown  at  a 
low  power  setting,  thus  penalyzing  engine  specific  fuel  consumption  significantly. 
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Fig.  15  ALTERNATE  MISSION  PERFORMANCE 
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1 6 finally,  illustrates  in  two  examples  the  conditions  under  which  a matching  of  flight  and 
field  performance  is  feasable.  In  order  to  show  the  effect  of  the  two  major  parameters  in  one  diagram, 
thrust  to  weight  ratio  was  plotted  against  wing  loading.  The  left  diagram  is  applicable  to  double  slotted 
flaps  and  slats,  the  right  one  is  valid  for  plain  flaps.  Lines  of  "minimum  weight  field  length"  are  shown 
for  three  different  ground  deceleration  devices.  Manoeuvre  performance  is  represented  by  specific 
excess  power  at  the  following  conditions: 


a)  M = 1.6,  Alt.  = 36  KFT, 

b)  M = .7,  Alt.  = 10  KFT, 


Load  factor  = 1 
Load  factor  = 4 


Neglecting  the  different  slopes  between  "minimum  weight  field  length"  and  the  lines  of  constant  turn  per- 
formance, maximum  manoeuvre  performance  can  be  matched  with  a field  length  requirement  of  about 
2 000  FT  for  aircraft  using  double  slotted  flaps  and  thrust  reverser.  Utilizing  plain  flaps  only, compa- 
tibility is  achieved  for  field  lengths  of  about  2 400  FT  at  a slightly  higher  thrust  to  weight  ratio. 
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5.  CONCLUSIONS 


Only  high  bypass  ratio,  high  compression  ratio  engines,  and  moderate  thrust/weight  ra- 
tios seem  to  satisfy  economically  the  demand  for  small  field  lengths,  good  manoeuvera- 
bility  (up  to  Mach  numbers  of  about  2.0),  and  transportation  capability  at  the  same  time. 

The  best  combination  of  thrust  to  weight  ratio  and  wing  loading,  for  which  field  and  ma- 
noeuvre performance  can  be  matched,  depends  on  the  maximum  lift  coefficient  provided 
by  high  lift  devices.  Compatibility  for  fixed  wing  aircraft  can  be  achieved  at  thrust  to 
weight  ratios  of  about  1.1,  when  using  plain  flaps  and  thrust  reverser.  Utilizing  double 
slotted  flaps  the  thrust  to  weight  ratio  decreases  to  about  1.0.  For  high  aspect  ratio  or 
variable  geometry  aircraft  this  value  would  even  be  lower. 

There  is  an  asymptotic  thrust  to  weight  ratio  for  fighter  aircraft  depending  on  design  mis- 
sion profile,  design  mission  radius,  engine  SFC,  wing  loading,and  wing  shape.  This  a- 
symptotic  behaviour  limits  the  level  of  achievable  field  and  manoeuvre  performance.  Due 
to  higher  SFC  s at  lower  power  settings  these  limitations  become  crucial  for  aircraft  using 
low  bypass  ratio,  low  compression  ratio  . ngines. 
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Nous  avons  conaiddrd  pour  l'exposd  ci-aprAs,  un  avion  A voilure  dlancde  "non  limite  en  portanoe". 

Nous  ddorivons  d'abord  le  processus  qui,  A partir  d'une  nouvelle  configuration,  a conduit  A de  nouvelles 
caractdristiques  aerodynamiques  et  A de  nouveaux  rdglements  de  Certification.  L' optimisation  des  caractd- 
ristiques  aux  basses  vitesses  est  ensuite  ddveloppde  en  prenant  l'exemple  de  CONCORDE. 

1 . INTRODUCTION 

Un  grand  nombre  de  facteurs  doivent  Stre  pris  en  oompte  pour  le  caloul  des  performances  A l'atterris- 
sage  et  au  ddcollage  d'une  nouvelle  gdndration  d'avions  de  transport  A voilure  dlancee,  dont  les  caractd- 
ristiques  different  sensiblement  de  cellos  des  avions  subsoniques  actuels. 

II  est  ndcessaire  non  seulement  de  bien  connaltre  et  d' interpreter  ces  caractdristiques  adrodynamiques 
nouvelles  tant  sur  le  plan  du  pilotage  que  des  performances,  mais  aussi  de  s'asL-urer  que  l'effet  de  tout 
changement  significatif  par  rapport  aux  caractdristiques  olassiques  est  bien  refidtd  dans  les  rdglements 
de  certification.  Une  fois  la  configuration  gdndrale  choisie  et  son  effet  probable  sur  les  rdglements  do 
certification  ddduit,  1' optimisation  des  performances  pour  l'ensemble  de  la  mission  pourra  alors  se  pour- 
suivre. 

Ce  processus  qui,  A partir  de  formes  aerodynamiques  inhabituelles,  a conduit  A des  caractdristiques  adro- 
dynamiques  nouvelles,  conduisant  A leur  tour  A une  modification  des  rdglements  et  des  prooddures  d'essais 
en  vol,  sera  ddcrit  en  prenant  l'exemple  de  CONCORDE. 

Les  nouveaux  rdglements  auxquels  nous  nous  refererons  sont  les  rdglements  T3S  proposds  par  les  Autoritds 
de  Certification  franco-britanniques . Inevitablement  les  avionneurs  estiment  que  certaines  exigences  conte- 
nues  dans  les  rdglements  sont  trop  sdvAres,  et  le  fait  de  s'y  rdfdrer  ne  doit  pas  8tre  considdrd  comma  indi- 
quant un  accord  complet  ! 

2.  C0MPARAIS0N  ENTRE  LES  CARACTERISTIQUSS  AERODYNAMIQUES  AUX  BASSES  VITESSES  D'UN  AVION  CLASSIQUE  ET  D’UN 
AVION  A VOILURE  ELANCES. 

Ayant  choisi  une  voilure  dlancee  principalement  A cause  des  possibilitds  offertes  pour  1' optimisation 
des  performances  en  croisiere  supersonique,  il  est  ndcessaire  de  considdrer  les  diffdrences  qui  en  ddcou- 
lent  aux  basses  vitesses  par  rapport  A une  voilure  clas3ique.  Elies  rdsultent  directement  du  faible  allonge- 
ment  de  la  voilure,  qui  entralne  : 

(i)  un  gradient  de  portance  plus  faible  et  une  incidence  plus  elevde  pour  une  portance  donnde.  La  figure  1 
compare  les  deux  types  d'avion,  et  l'on  peut  noter  l'absence  de  ddcrochage  classique  pour  l'avion  A voilure 
elancee. 

(ii)  La  combinaison  d'une  forte  fleche  et  d'une  faible  dpaisseur  relative  conduit  A une  sdparation  de  l'dcou- 
lement  aerodynamique  par  rapport  au  profil,  le  long  du  bord  d'attaque.  Bien  que  ce  type  d'dcoulement  n'appa- 
raisse  pas  sur  une  voilure  A fleche  moderee,  il  constitue  une  forme  stable  d'ecoulement  sur  une  voilure  dlan- 
cee (Figure  2)  et,  initialement  considdrd  avec  une  certaine  suspicion,  il  est  maintenant  bien  acceptd.  La 
figure  1 montre  le  gain  de  portance  qu'il  procure  par  rapport  A l'dcoulement  attachd  au  profil  et  la  figure  3 
montre  la  degradation  qui  en  re3ulte  dans  I’dvolution  du  moment  de  tangage. 

(iii)  La  combinaison  d'un  faible  allongement  et  d'un  ecoulement  sdpare  du  profil  conduit  A une  tralnde  induite 
elevee  j la  configuration  lioso,  sans  volets,  conduit  egalement  A une  faible  tralnde  A portance  nulls.  Ces 
deux  caractdristiques  entralnent  une  vitesse  de  finesse  maximale  suffisamment  dlevde  pour  qu'on  soit  amend  A 
utiliser  operationnellement  l'avion  au  second  regime. 

Nous  examinerons  d'abord  1' impact  de  ces  nouvelles  caractdristiques  aerodynamiques  sur  le  pilotage  aux  basses 
vitesses . 

3.  EVOLUTION  DES  CARACTERI3TIQUES  DE  PILOTAGE  AUX  3ASSES  VITESSES  D'UN  AVION  A VOILURE  ELANCEE. 

L' augmentation  de  1' incidence  se  traduit  d'abord  par  une  degradation  progressive  de  la  stabilite  stati- 
que  longitudinals,  ainsi  que  nous  1' avons  montrd  sur  la  figure  3. 

Comme  les  performances  au  ddcollage  imposent  un  centrage  assez  arriere,  il  en  resulte  assez  rapidement  une 
instabilite  longitudinale  qu'il  est  ndcessaire  de  corriger  : nous  verrons  plus  loin  les  moyens  utilisds  dans 
le  cas  de  l'avion  TS3  CONCORDE. 

- le  contrSle  transversal  ne  subi  pas  d'abord  de  degradations  notables  quand  1' incidence  augments,  la  stabi- 
lite de  route  conservant  une  valeur  suffisante  ainsi  qu'il  est  indiqud  sur  la  figure  4. 

La  situation  que  nous  venons  de  ddcrire  se  degrade  toutefois  quand  on  atteint  une  incidence  plus  dlevee  ou  se 
produisent  des  pertes  partielles  de  portance  sur  les  bords  de  fuite,  dues  A la  ddg^ndrescence  des  tourbillons 
d'apex  : il  apparalt  alors  un  "pitch  up"  d'amplitude  limitee  (sur  CONCORDE,  il  se  traduit  par  une  variation 
de  braquage  d'equilibre  des  gouvernes  d'environ  3 degrds),  mais  suivi  d'une  degradation  de  la  stability  sta- 
tique  telle  qu'elle  pourralt  conduire  A plus  long  terms  A une  perte  de  contrSle  longitudinal. 
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Le  contrfile  transversal  se  degrade  dgalement  par  suite  notamment  de  la  perte  de  stability  de  route  qui 
intervient  au  voisinage  de  1' incidence  de  "pitch  up"  j il  devient  difficile,  puis  impossible,  au  volant 
seul,  quand  1' instability  de  route  entralne  la  divergence  du  ddrapage,  ainsi  que  l'ont  montrd  des  essais 
sur  simulateur. 

Nous  devons  ajouter  que  l'efficacitd  des  diffdrentes  gouvernes  reste  suffisante  pour  dquilibrer  statique- 
ment  l'avion  jusqu'k  des  incidences  trfes  dlevdss  (Cf.  figure  5),  et  qu'elle  permet  des  rdcupdrations  trks 
faciles  k des  incidences  plus  moddrdes,  ainsi  que  l'ont  montrd  les  essais  en  vol. 

II  est  done  ndeessaire  ce  limiter  le  domaine  de  vol  de  l'avion  vers  lee  basses  vitesses  ou  les  grandea  in- 
cidences avant  que  n' apparaissent  des  difficulty  de  oontrfile  trop  importantes.  Ainsi  il  nous  a paru  raison- 
nable  sur  l'avion  prototype  CONCORDE  001  de  ne  pas  aller  ddlibdrdment  jusqu'au  "pitch  up",  bien  que  des  es- 
sais sur  simulateur  aient  montrd  que  le  contrSle  restait  encore  possible  au  delk.  La  Vitesse  minimale  Vmin 
pout  alors  Stre  ddmontrde  en  vol  k facteur  de  charge  unity,  et  nous  confondrons  dans  la  suite  de  l'exposd 
les  deux  concepts  de  vitesse  minimale  ou  d' incidence  maximale  dans  les  configurations  syrndtriques  de  l'avion. 

4.  CRITERE3  D' IDENTIFICATION  DE  LA  VITESSE  MINIMALE 

Nous  allons  maintenant  examiner  les  critkres  auxquels  il  est  necessaire  de  satisfaire  pour  1' identifica- 
tion de  oette  vitesse  minimale,  par  analogie  avec  les  avions  subsoniques  actuels. 

Sur  ces  demiers,  certaines  linites  sont  habituellement  fournies  par  un  comportement  natural  : e'est,  par  exem- 
ple,  l'apparition  du  buffeting  qui  signale  la  sortie  du  domaine  autorisd  vers  les  basseB  vitesses,  et  l'abat- 
tde  au  ddcrochage  qui  caractdrise  la  vitesse  de  ddcrochage  Vg. 

Sur  un  avion  k voilure  dlancee,  il  est  ndeessaire  de  matdrialiser  ces  limites  par  des  moyens  artificiels,  s'il 
n'existe  jusqu'k  la  vitesse  minimale  ddmontrde  en  vol  aucun  phdnomene  naturel  susceptible  d'eveiller  l'atten- 
tion  du  pilots. 

Outre  un  systems  classique  d' avertissement  de  sortie  du  domaine  autorisd,  tel  qu'un  vibreur  de  nanche,  un  se- 
cond niveau  d'alarme  doit  Stre  fourni  pour  satisfaire  pleinement  aux  exigences  de  certification.  Cette  alar- 
me  inmanquable,  calde  au  voisinage  de  1' incidence  maximale,  doit  satisfaire  aux  objectifs  suivants  : 

- elle  doit  operer  suffisamment  k l'avanoe  par  rapport  k 1' incidence  maximale,  dans  des  conditions  dynamiques, 
pour  permettre  k l'dquipage  d' observer  cette  limitation  sans  habiletd  exceptionnelle  et  suffisamment  prfes  de 

1' incidence  maximale  pour  ne  pas  Stre  une  gSne  durant  les  opdrations  normales,  et  certaines  manoeuvres  d'dvite- 
ment, 

- elle  doit  Stre  suffisamment  puissante  pour  Stre  perjue  dans  tous  les  cas, 

- elle  doit  Stre  directive  si  l'action  corrective  k prendre  par  l’dquipage  n'est  pas  dvidente. 

Nous  verrons  plus  loin  les  solutions  retenues  pour  l'avion  T55  CONCORDE. 

5.  MARCE3  RSOLEMEKT AIRES  ENTRE  VKIN  ET  VITESSE  OPSRATI ONNELLE  A L'APPROCKE. 

Les  marges  suivantes  ont  etd  imposdes  dans  les  reglements  TSS  pour  un  avion  supersonique  qui  possederait 
k l'approche  des  caractdri3tiques  de  maintien  de  vitesse  comparableB  k celles  des  avions  subsoniques  actuels. 

(i)  Vhiu  1 C < VRpf1  /l,3,  la  poussde  affichde  dtant  dgale  a la  poussde  ndeessaire  pour  maintenir  une  appro- 
che  stabilises  J avec  un  angle  de  descents  stabilise  n'excedant  pas  3 degres, 

(ii)  Vhin  1 g < Vref/  1»25>  la  poussee  affichde  n'excddant  pas  la  poussde  minimale  autorisde  pour  l'approche 

finale  jusqu'en  seuil  de  piste,  VREjr,  dtant  la  vitesse  minimale  autorisde  dans  la  configuration  approche 

tous  moteurs  en  fonctionnement. 

Ces  marges  apparaissent  conme  sensiblement  plus  sdvkres  que  celles  imposees  aux  avions  classiques,  puisque  par 
exemple  les  reglements  BCAR  et  les  conditions  spdciales  franco-allemandes  ( A 300  B)  admettent  une  chute  de 
6 c,u  de  la  vitesse  entre  le  debut  de  l'abattee  et  l'instant  ou  la  vitesse  minimale  e3t  obtenue  : ainsi  la  plu- 
part  des  avions  subsoniques  actuels  satisfont  a ce  rdglement  avec  une  marge  entre  la  vitesse  minimale  ddmon- 
tree en  vol  moteurs  reduits  V^sg  et  la  vitesse  objectif  au  seuil  de  piste  Vp?  telle  que  : Vtt  = 1,3  Vfjso  rJ 
1 ,22  Vj.jp if  1 g. 

On  peut  noter  en  outre  que  la  poussde  necessaire  durant  touts  l'approche  et  jusqu'au  voisinage  du  sol,  reste 
relativement  dlevee  pour  un  avion  a voilure  elancee  et  que  dans  cette  configuration  de  poussde  la  plus  frequen- 
ts, qui  e3t  celle  de  l'approche  stabilisee  sous  3°  de  pente,  les  marge3  exigdes  par  rapport  k la  vitesse  mini- 
male denontrSe  en  vol  Vj.™  1 g se  trouvent  encore  accrues. 

Toutefois,  si  un  standard  de  maintien  de  vitesse  ameliord  peut  Stre  demontre  (variability  k 3 6 au  seuil  de 
piste  inferieure  a 1C  Kts  environ),  une  certains  relaxation  par  rapport  aux  exigences  prdeddentes  est  admise  : 

(i)  Vj-jjt  1 g fC  VRl;,p  / 1,25  k la  poussde  d'approche 

(ii)  V;ij;[  1 g < V^p  / 1,2  k la  poussde  rdduite. 

Ce  standard  de  maintien  de  vitesse  ameliore  peut  Stre  obtenu  par  l'utilisation  d'une  automanette . 

Comme  il  sera  vu  plus  loin,  les  vitesses  au  decollage  sont  moins  dimmensionnees  par  le  pilotage  que  par  les 

performances . 

6.  COrJEQUSNCSo  DANS  LA  CONCEPTION  DE  L'AVION'. 

A titre  d1 exemple,  nous  ddcrirons  ci-apres  les  solutions  retenues  pour  satisfaire  k ces  exigences  dans  le 
cas  du  TSS  CONCORDE,  ainsi  que  leur  expdrimentation  en  vol  sur  l'avion  CONCORDE  prototype  001 . 

6,1.  L1  instability  statique  naturelle  a dte  corrigde  par  un  ddroulenent  du  trim  de  profondeur  en  fonction  de 
l'incidence  qui  rdtablit  une  stability  en  effort  positive  (Cf.  figure  6).  Toutefois,  pour  des  raisons  de 
security,  il  est  necessaire  de  limiter  la  vitesse  de  ddroulement  du  trim  : ce  "trim  d' incidence"  est  done 
■ insuffisant  en  cas  d'approche  dynamique  rapide  des  grandes  incidences. 

Pour  couvrir  ce  dernier  cas  et  en  addition  au  systeme  d' augmentation  de  stability  utilise  dans  le  domains 
normal,  nous  avons  ddveloppe  un  supers tabilisateur  actif  aux  grandes  incidences  pour  des  variations  rapi- 
des  d'assiette  ou  de  vitesse,  et  dont  le  schyma  de  principe  est  reprdDentd  sur  la  figure  7.  Ce  dispositif 
permet  de  restituer  des  efforts  de  manoeuvre  corrects  aux  basses  vitesses  ; il  limite  le  taux  de  varia- 
tion d' incidence  k une  valeur  telle  que,  le  pilote  ayant  entame  une  manoeuvre  d'evitement  qui  entralne  le 
declencnement  de  l'alarme  inmanquable  k un  facteur  de  charge  de  l'ordre  de  1 ,5  g en  virage  a j t = 45°,  il 
lui  soit  possible  de  recuperer  son  avion  sans  habiletd  exceptionnelle  et  sans  depasser  l'incidence  maxi- 
male ddmontrde  en  vol.  Cette  manoeuvre  est  en  effet  considers  comme  une  manoeuvre  enveloppe  pour  un 
avion  tel  que  CONCORDE. 
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II  convient  tie  noter  que  la  plupart  des  f onctionnemants  intempestifs  de  ce  diapoaitif  n'ufl'ectent  pas 
I'nvion,  ai  oe  dernier  se  trouve  dan3  une  condition  de  vol  stabilisde  et  qu' il  eat  prevu  une  inhibi- 
tion lora  de  la  rotation  au  ddcollage. 

6.2.  Jomme  il  n'y  a paa  degradation  notable  du  contrSle  transversal  jusqu'k  <x  WAX,  lea  diapoaitifs  d'aug- 
mentation  de  stability  ddfinis  dan3  le  domains  normal  re3tent  suffisanta  : ile  oomportent  une  coordina- 
tion gauchissement  direction  qui  permet  de  limiter  aux  basses  viteaaea  la  valeur  maximale  de  derapage  ob- 
tenue  lora  de  manoeuvres  en  roulis  de  grande  amplitude. 

6.3.  Avertiasementa  et  alarmes  associds  aux  grandes  incidences.  Ils  consistent  en  : 

- un  vibreur  de  manche  dont  le  ddclenchement  eat  cald  pat  rapport  a la  limits  autorisde  d' incidence  en 
utilisation  normals, 

- une  alarme  dite  "immanquable"  constitute  par  un  pulaeur  de  manche  (stick-wobbler)  & effet  directif, 
introduisant  dea  a-coup3  a piquer  a la  frequence  de  3 Hz  tant  que  le  pilote  tire  sur  le  manche  et  1'en- 
pSchant  de  ddpasser  la  limite  abaolue  d' incidence. 

Son  ddclenchement  eat  commande  aoit  k l'incidence  maximale  pour  une  approche  quasi  statique  dea  grandes 
incidences,  aoit  a une  incidence  infdrieure  au  cour3  d'une  approche  dynamique,  l'avance  introduite  dtant 
proportionnelle  au  taux  de  variation  d1 incidence. 

Cette  derniere  alarme  n'est  active  que  ai  le  pilote  exerce  une  action  a tirer  : elle  est  inhibde  des  qu'il 
exerce  une  action  k piquer,  de  maniere  k ne  pas  gSner  la  manoeuvre  de  recuperation.  Son  ddclenchement  in- 
tempestif  n'entralne  pas  de  mouvement  de  gouverne  dans  une  condition  de  vol  ou  l'avion  est  trimne  ; elle 
eat  en  outre  innibee  lor3  de  la  rotation  au  decollage. 

6.4.  Nous  traiterona  maintenant  brifevement  de  1' aspect  security  lid  k 1' utilisation  de  ces  "boites  noires" . 

Lea  objectifs  ae  securite  a satiafaire  sont  fixes  de  maniere  a obtenir  un  niveau  de  securite  au  moins 
egal  a celui  des  avions  existants.  Pour  y satiafaire,  on  doit  s' assurer  : 

- que  leur  fonctionnement  operationnel  eat  satisfaisant  pour  l'ensemble  des  configurations  de  l'avion, 

- que  la  plupart  des  pannes,  et  en  particulier  des  fonctionnements  intempestifs,  ne  conduisent  pas  a des 
situations  critiques, 

- que  les  pannes  ou  lea  combinaisons  de  pannes  qui  pourront  avoir  des  consequences  cataatrophiques,  soient 
rendues  extremement  improbables. 

Ces  objectifs  conditionnent  le  choix  des  principes,  ainsi  que  le  niveau  d' autosurveillance  et  de  redondance 
k prendre  en  compte  pour  la  realisation  des  sy3temes. 

6.5.  Experimentation  en  vol  sur  CONCORDE  prototype  001. 

Un  total  de  11  vola  a etd  consaerd  par  les  constructeurs  tant  k 1' exploration  quasi  statique  jusqu'k  une 
incidence  de  23,5°,  qu'k  1' experimentation  des  dispositifs  prdcddemments  ddcrits.  Outre  quelques  vols  pre- 
paratoires,  on  doit  ajouter  au  total  prdcddent  quatre  vols  d' dvaluat-' on  par  les  Services  Officials  franco- 
britanniques.  Ces  vols  ont  permis  de  confirmer  : 

- qu'il  n'exiate  pas  d'avertissement  natural  (buffeting  par  example)  dans  l'ensemble  du  domaine  explore, 

- que  jusqu'k  l'incidence  maximale  exploree,  la  manoeuvrability  reste  excellente  et  tout  particulierement 
en  tangage,  ce  qui  assure  des  rdcupdrations  tree  faciles,  sans  m8me  utiliser  toute  la  course  en  profondeur 
a piquer, 

- que  la  stability  dynamique  reste  trfes  satisfaisante  jusqu'k  l'incidence  maximale  exploree,  aveo  les  sys- 
tenes  d' augmentation  de  stability  en  fonctionnement, 

- que  la  stability  statique  naturelle  est  franchement  negative  au  centrage  arriere,  mais  que  le  trim  d’ in- 
cidence restitue  une  stability  en  efforts  positive. 

Une  lego re  anonalie  nerodynamique  se  traduisant  par  une  petite  discontinuity  d'dquilibre  longitudinal  asso- 
ciee  a une  lente  divergence  de  derapage,  a etc  observee,  mais  seulement  en  associant  k une  incidence  voi- 
sine  de  l'incidence  maximale  un  ddrapage  d'au  moins  8 degres. 

Une  incidence  maximale  de  21  degrds  dtant  suffisante  pour  demontrer  les  marges  reglementaires  par  rapport 
aux  vitesses  de  rdfdrence  choisies  pour  l'avion  prototype,  le  dyclenchement  de  l'alarme  (pulseur  de  manche) 
a done  dtd  cald  a cette  valeur  en  fonctionnement  statique. 

L'ensemble  des  dispositifs  anti  hautes  incidences  procure  alors  une  protection  qui  a ete  reconnue  efficace 
par  toutes  les  Autoritds  de  Certification  franjaises,  britanniques  et  americaines  qui  l'ont  expdrimentde  i 
c1  , d'apres  le  jugement  des  pilotes,  il  s'oppose  k toute  sortie  du  domaine  normal  avec  une  autoritd, 
vuire  une  brutalite  proportionnelle  a 1' aveuglement  du  pilote  qui  tenterait  de  s'en  eloigner. 

7.  CONSEQUENCES  DES  CARACTERISTIQUES  D'UNE  VOILURE  ELANCES  SUR  LES  PERFORMANCES. 

Les  caractdristiques  citees  au  paragraphe  2 ci-dessus,  ont  essentiellement  deux  consequences  : 

(i)  Etant  donnd  que  les  caractdristiques  de  trainee  induite  sont  plus  sdvkres,  la  finesse  sera  faible  et  bien 
plus  affectee  par  les  erreurs  de  vitesse  que  celle  d'un  avion  k rdaction  subsonique. 

(ii)  On  doit  s'attendre  k oe  que  la  combinaison  d'une  trainee  k portanoe  nulle  inferieure  k la  normale,  et 

d'une  trainee  induite  superieure  k la  normale,  entraine  une  instability  de  vitesse,  et  rende  plus  difficile 
le  maintien  precis  de  la  vitesse. 

La  figure  8 represente  les  caracteristiques  de  gradient  en  fonction  de  la  vitesse  d’un  avion  k voilure  elan- 
cee  et  d'un  avion  a reaction  courant,  chacune  etant  ajustee  pour  satiafaire  aux  exigences  actuelles  des  BCAR 
au  second  segment  pour  un  quadrirdacteur  aveo  un  moteur  en  panne,  e'est  k dire  l'obtention  d'un  gradient  de 
3 t k V2. 

Elle  montre  olairement  que  toute  rdduotion  de  vitesse  entraine  une  ddterioration  des  performances  plus 

importante  dans  le  cas  d'une  voilure  dlanode.  Une  telle  deterioration  pourrait  affecter  non  seulement  le  gra- 

dient dans  le  deuxieme  segment,  mais  aussi  la  distance  de  ddcollage  ndeessaire. 

Ces  considerations  nous  ont,  depuis  longtemps,  conduit  k admettre  que  des  modifications  reglementaires  se- 
raient  necessaires.  Naturellement,  les  discussions  ont  porte  sur  leur  forme  et  leur  severity. 

8.  FORKS  DES  NOUVEAUX  REGLEKENT3 . 

8.1.  Exigences  de  gradient 

Comae  la  necessity  de  modifier  les  rdglements  provient  surtout  de  l'aggravation  des  caraotdristiques  de 
trairde,  les  nouveaux  reglements  ne  devraient  pas  8tre  basds  arbitrairement  sur,  par  exemple,  les  caraotdris- 
tiques connues  du  CONCORDE  aotuel,  mais  ils  devraient  §tre  applicables  de  faqon  gdndrale.  Par  exemple, 
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une  amelioration  de  la  trainee  devrait  avoir  deux  rEpercuosions  : premihrement  1'amElioration  directe,  et 
ensuite  l'ass juplissemont  des  exigences  de  gradient.  De  plus,  pour  que  les  nouveaux  rEglemento  soient  dE- 
fendables,  il 3 devraiont  Egalement  6tre  Equivalents  aux  exigences  actuolles  lorsou'ils  sont  appliques  aux 
avions  actuals. 

Trois  fa?ons  de  prendre  en  compte  ces  influences  de  manikre  rationnelle  ont  EtE  considErEes  : 


(i)  dEmontrer  un  gradient  = a + b — — 

K'  n " 

ou  — T7 eat  le  rapport  entre  la  tralnEe  induite  par  la  portance  et  la  masse. 


(ii)  dEmontrer  un  gradient  rEduit  dans  le  cas  d'une  erreur  de  Vitesse  donnEe  : x °/o  gradient  h ’’  - y kt, 

ou  Vp  est  la  vitesse  de  montEe  prevue  avec  pannes  de  rEacteur.  Par  exemple,  une  regie  simple,  que 

nous  avons  suggErEe  et  dEfendue,  et  que  nous  considErons  toujours  comma  nppropriEe  dans  le  cas  du  deuxieme 
segment,  serait  la  suivante  : (voir  figure  8) 

- dEmontrer  un  gradient  de  2 % k V - 10  Kts. 


(iii)  satisfaire  k un  gradient  rEduit  lors  d'un  virage  k une  inclinaison  donr"'?  : x '/»  gradient  h lors 
d'un  virage  coordonnE  k f6°  d' inclinaison,  k poussEe  symEtrique. 


Ces  trois  mEthodes,  ayant  comma  point  de  dEpart  commun  la  forme  de  la  polaire,  avaient  chacune  leur  defen- 
seurs,  mais  le  choix  dEfinitif  des  Services  Officiels  s'est  portE  sur  la  troisieme  mEthode. 

On  peut  dire  ici  que,  malgrE  une  grande  mEfiance  de  la  part  de  nos  pilotes  et  de  nous-mSmes,  les  essais  en 
vol  dElicats  exigEs  pour  rEaliser  des  virages  stabilisEs  avec  un  moteur  en  panne  et  un  trim  latEral  parti- 
cular, se  sont  dEroulEs  de  maniere  assez  eatisfnicante.  Nos  premiers  calculs  nous  avaient  laisse  croire 
que  la  tralnEe  d'equilibrage  minimale  etait  cbtenue  k dErapage  nul  plutftt  que  dans  un  virage  coordonnE 
(effort  latEral  nul).  Les  essais  ont  confirmE  cette  hypothese  et  ont  donnE  des  resultats  remarquablement 
homogenes.  Ainsi  nos  craintes  sur  la  possibilitE  d'obtenir  des  resultats  de  vol  exploitables  a l'aide  de 
cette  mEthode,  n'Etaient  pas  justifiEes,  mais  il  faut  dire  que  ce  succes  est  en  grande  partie  dfl  k la  quan- 
titE  importante  d1 essais  en  vol  et  d' analyses  supplEmentaires  effectuEs.  On  peut  done  considErer  que  les 
exigences  de  gradient  en  virage  couvrent  les  erreurs  de  vitesse  normales.  Les  erreurs  grossieres  de  vites- 
ses,  e'est  k dire  celles  qui  mknent  k un  gradient  nul  sur  la  figure  8,  or  t EtE  traitees  diffEremment  en 
prenant  une  certaine  marge  entre  V2  et  vitesse  ou  la  pente  est  nulie.  Cette  derniere  exigence  est 

entierement  nouvelle  et  non  pas  une  adaptation  d'une  exigence  figurant  dejk  dans  les  BCAR  ou  FAR. 


8.2.  Distance  de  dEcollage 


Les  reglements  classiques  BCAR  sont  maintenus,  mais  pour  couvrir  le  cas  d'un  avion  k voilure  ElancEe  dont 
le  maintien  de  la  vitesse  serait  difficile,  et  (ou)  les  qualitEs  de  vol  mEdiocres,  un  certain  nombre  de 
cas  d' erreur  ont  EtE  ajoutEs. 

Ces  cas  prennent  en  considEration  des  dEcollages  prEmaturEs  et  tardifs,  pour  lesquels  il  est  demandE  de  ne 
pas  excEder  la  longueur  de  piste  prEvue  et  de  dEmontrer  la  pente  nette  de  trajectoire  exigEe. 

8.3.  Masse  maximale  d'atterrissage 

La  forme  des  rEglements  est  analogue  a telle  discutee  au  paragraphe  6.1.  ci-dessus,  Cependant,  en  plus  des 
exigences  de  gradient  avec  tous  moteurs  et  un  moteur  en  panne  dans  la  configuration  atterrissage,  il  y a 
maintenant  une  exigence  sur  le  gradient  (de  descente)  dans  le  cas  d'une  approche  continuEe  avec  deux  mo- 
teurs en  panne. 

Il  est  juste  d' observer  que  bien  qu'une  telle  exigence  ne  figure  pas  dans  les  BCAR,  les  caractEristiques 
des  quadrirEacteurs  actuels  certifiEs  suivant  1' exigence  de  montEe  avec  un  se”,l  rEacteur  en  panne,  leur 
permettent  de  suivre  une  trajectoire  de  glide  de  3°  et  de  rEaliser  une  approche  en  securitE,  avec  deux  rE- 
acteurs  en  panne. 


8.4.  Distance  d'atterrissage 

A l'exception  de  la  dEfinition  diffErente  des  vitesses  de  reference  d'atterrissage  (voir  paragraphe  5), 
les  rEglements  T33  sont  presque  identiques  aux  BCAR. 

8.5.  Passage  des  obstacles 

Encore  une  fois,  la  sensibilitE  a une  erreur  de  vitesse  doit  Stre  prise  en  compte,  et  1'on  a choisi  un  abat- 
tement  de  la  pente  brute  a la  pente  nette  basE  sur  la  reaction  de  gradient  de  montee  pour  un  angle  d' in- 
clinaison donnE. 

9.  SE'/ERITE  DES  NOUVEAUX  REGLEMENTS 

La  severite  des  nouveaux  reglements  est  basee  de  fnqon  generale  sur  la  consideration  des  caractEristiques 
de  1' avion  pendant  la  montee  sur  le  deuxieme  segment  et  les  conclusions  sont  ensuite  etendues  aux  autres  re- 
gimes . 

L'expErience  acquise  sur  CONCORDE  lors  des  essais  en  vol  et  au  simulateur,  a demontre  que,  du  fait  de  la  com- 
binaison  de  bonnes  qualitEs  de  vol  et  d' excellentes  informations  d'assiette,  le  contrDle  de  la  vitesse  est  au 
moins  aussi  bon  que  sur  les  avions  a reaction  actuels. 

En  particulier,  des  decollages  satisfaisants  et  repetitifs  peuvent  Stre  realises,  non  settlement  en  visant  une 
vitesse  V2  au  dessus  de  1' obstacle,  mais  au3si  en  visant  cette  vitesse  et  une  assiette  donnee.  Ainsi,  depuis 
la  premiere  action  a tirer  a Vr  et  k l'assiette  de  roulage,  le  pilote  peut  contr8ler  les  augmentations  d'as- 
siette de  manikre  k ce  que  V2  coit  obtenue  a 1' assiette 0 2. 

Ce  contrDle  satisfaisant  de  la  vitesse  a perois  de  baser  les  reglements  sur  des  caractEristiques  de  maintien 
de  vitesse  similaires  a celles  des  avions  actuels. 

Apres  avoir  considErE  toutes  les  preuves  disponibles,  et  apres  de  nombreuses  discussions,  les  Services  Offi- 
ciels ont  decide  que  1' exigence  pour  le  deuxieme  segment  serait  : k Vr,  3 ^ de  pente  a demontrer  en  vol  rec- 
tiligne  (e'est  k dire  idem  BCAR),  et,  en  plus,  un  gradient  de  2 a demontrer  en  virage  a 18°  d'inclinai- 
son. 

Pour  un  avion  k voilure  Elancee,  1' exigence  enveloppe  est,  comme  prevu,  celle  relative  au  virage  k 18°  qui 
pour  CONCORDE  est  Equivalents  a un  gradient  d’environ  4 J.’  en  vol  rectiligne  (Figure  9). 

Cette  exigence  conduit  k des  gradients  neilleura  que  ceux  des  avions  actuels  pour  toutes  les  erreurs  de  vites- 
se ; nous  pensons  qu'elle  est  encore  conservatrice,  et  nous  estimons  pouvoir  obtenir  une  certaine  relaxation 
lorsque  nous  aurons  acquis  da vantage  d' experience  sur  CONCORDE. 

D'une  maniere  gendrale,  cette  philosophic  a ete  Etendue  aux  autres  conditions  de  vol,  en  reduisant  de  1 le 
gradient  exige  par  rapport  aux  valeurs  figurant  dans  les  BCAR,  mais  en  demandant  la  dEmonstration  en  virage 


1 

i 


1 


1 


3-5 


iiinm  ■ 1.1  i.—.i.«— -,n.,...?-..i.i...l..  -m  ■■ 


k 18°  d'inclinnison  i las  rkgles  qui  en  resultant  sont  prdaentdes  sous  forme  simplifies  au  tableau  1. 

10.  C0MPR0HI3  DANS  L' OPTIMISATION  DN3  PERFORMANCES. 

10.1.  Gdndralitds 

Nous  supposerons  ici  quo  les  aspects  principaux  d'un  nouveau  projet  sont  issus  de  la  definition  de  la  mis- 
sion, ot  que  1' optimisation  dos  porformancea  au  ddcollago  et  k l'attorrisaage  doit  8tre  rdalisde  compto- 
teuu  des  contrainto3  imposdes  par  1' ensemble  de  la  mission. 

Dans  le  cas  de  CONCORDS,  oeci  signifie  que  1' avion  doit  Stre  capable  de  ddcoller  h une  masse  voisine  de  la 
masse  maximale  d'un  aerodrome  situd  k 12  000  pieds  au  dessus  du  niveau  de  la  mer,  et  que  l'avion  doit  pou- 
voir  atterrir  sur  une  distance  de  8 400  pieds. 

Les  raisons  du  paradoxe  apparent  que  represente  une  piste  d' atterrissage  bien  plus  courts,  sont  doubles  : 

- d'une  part  sur  les  grands  adroports,  la  piste  d'atterrissage  dquipee  de  l'IL3  est  normalement  plus 
courte  que  celle  qui  est  reservde  principalement  nux  docollages, 

- d'autre  part,  sur  les  adroports  moin3  importants,  la  piste  sera  plus  courts  de  touts  faqon,  et  tandin 

que  la  masse  k l'atterrissage  ne  peut  varier  que  tres  peu,  la  masse  au  ddcollage  sera  bien  inferieure  k la  i 

masse  maximale  pour  les  missions  k faibles  rayons  d'action. 

10.2.  Atterrissage 

Pour  une  masse  donnde,  et  une  reglementation  donnde,  la  distance  d'atterrissage  est  fonction  de  : 

' ‘ 

(i)  la  vitesse  d'approche 

(ii)  l'arrondi  avant  impact 

(iii)  l'efficacitd  des  dispositifs  de  freinage. 

Dans  1' ensemble,  comme  pour  la  plupart  de3  nvions  aotuels,  les  deux  facteurs  predominants  pour  les  perfor- 
mances d'atterrissage  sont  la  vitesse  d'approche,  et  le  coefficient  de  frottement  des  pneus. 

Les  caracteristiques  de  frottement  de3  pneus  peuvent  8tre  traitees  separdment  et  ne  different  pas  do  celles 
des  autres  avions. 

L'obtention  de  la  vitesse  d'atterrissage  la  plus  faible  possible  entralne  des  considerations  diffdrentes  de 
celles  qui  ont  dtd  prises  en  compte  precedemment  : 

(i)  L'absence  de  portance  maximale  conduit  k choisir  les  vitesses  de  reference  en  fonction  de  Vjujjj  comme 
nous  l'avons  dejk  dit  plus  haut. 

(ii)  L' absence  d' empennage  horizontal  et  le  positionnement  des  gouvernes  de  profondeur  au  bord  de  fuite  de 
la  voilure,  ne  permettent  pas  1' utilisation  de  dispositifs  d 'hypersustentation  tels  que  volets,  non  plus 

qu'une  optimisation  k grande  echelle  pour  le  choix  de  la  geomotrie  de  ces  volets,  i 

On  peut  t-tudier  divers  dispositifs  pour  augmenter  la  portance  equilibree  : 

- empennage  "canard"  ; 

- empennages  arrikres  (associes  a des  volets) 

- onglets  articulds,  1 

Main  sur  le  CONCORDE  au  moins,  auoun  de  ces  dispositifs  ne  s'est  rdvele  avantageux  conpte-tenu  de  sa  masse 

et  de  sa  complexity.  L' optimisation  pour  1' atterrissage  et  pour  d'autres  raisons,  consists  alors  dans  le 
choix  detaille  de  la  forme  en  plan,  de  la  cambrure  et  do  la  surface  de  la  voilure  ; elle  nous  a conduit  k 
augmenter  la  surface  alaire  tres  t8t  dans  le  projet  (7  i ?•>)  et  a augmenter  la  surface  des  bouts  d'aile 
(reduction  de  la  flkcbe  du  bord  d'attaque  du  saumon  d'aile)  lors  du  passage  da  prototype  k la  preserie. 

Des  considerations  de  masse  et  d'encombrement  cor.duisent  k definir  un  train  d'atterrissage  de  longueur  mini- 
male. Le  cas  dimensionnant  etant  ur.  impact  de  la  partie  arriere  du  fuselage,  la  masse  a ete  minimisee  en 
choisissant  la  longueur  du  train  principal  de  maniere  k obtenir  une  garde  au  sol  rdduite  pour  le  fuselage 
arrikre  et  les  nacelles,  mais  en  les  protegeant  par  un  amortisseur  souple  muni  d'une  roue  (figure  10). 

10.3.  Decollage 

Les  performances  en  montde  des  avions  k reaction  subsoniques  aotuels  ne  dependant  que  peu  de  leur  vitesse, 
la  vitesse  de  franchissement  de  1' obstacle  choisie  avec  panne  de  moteur,  est  normalement  la  vitesse  mini- 
male admissible  (t,2  V3),  afin  d'obtenir  la  longueur  de  piste  la  plus  courte. 

En  general,  c'est  1' inverse  qui  se  produit  pour  les  avions  k voilure  dlancee,  cette  vitesse  etant  choisie 
pour  satisfaire  aux  exigences  de  performance  do  montee  , tandis  que  1'exigence  de  pilotage  n'est  pas  criti- 
que. S'il  devenait  nece3saire  de  decoller  court  k poids  leger,  les  exigences  de  qualites  de  vol  pourraient 
alors  redevenir  predominates . Cependant,  pour  CONCORDS,  a la  fois  et  la  garde  au  sol  ont  etc  dimen- 

sionnes  par  le  cas  d'atterrissage,  les  exigences  etant  moins  severes  au  decollage. 

Les  exigences  de  gradient  de  montee  ont  decide  de  la  configuration  deoollage,  puisque,  a poussee  donnee, 
elle3  ddfinissent  la  finesse  nccessaire.  L' amelioration  la  plus  evidente  qu' il  est  possible  d'appliquer 
sur  un  avion  volant  au  second  regime,  est  la  reduction  du  coefficient  de  portance.  Dans  le  cas  d'une  geo- 
motrie fixe,  ceoi  entralne  immediatement  une  augmentation  de  la  vitesse  au  ddcollage  et  de  la  longueur  de 
piste  necessaire,  ainsi  que  des  inquietudes  sur  la  tenue  des  pneus 

L' augmentation  de  surface  alaire  augmentera  la  masse  de  la  voilure  et  la  trainee  de  frottement  du  rev8te- 
ment,  et  si  la  definition  initiate  dtait  proche  de  1' optimum  pour  les  performances  de  la  mission,  il  sera 
tres  difficile  d'ameliorer  le  rendement  aerodynamique  de  la  voilure,  de  maniere  a compenser  son  augmenta- 
tion de  masse. 

De  m8me,  l'autre  option  consistant  a diminuer  la  trainee  au  decollage  par  augmentation  de  l'erivergure  de 
voilure,  rend  la  voilure  moins  elancee  et  entralnera  presque  certainement  une  degradation  des  performances 
pour  1' ensemble  de  la  mission. 

Rappelons  que  les  exigences  au  decollage  ont  ete  en  grande  partie  k l'origine  des  deux  modifications  apper- 
tdes  a la  definition  de  la  voilure  (augmentation  d'echelle  de  7 4 jw,  suivie  d'une  augmentation  de  la  surfa- 
ce du  bout  d'aile)  mentionndes  au  paragraphe  precedent. 

10.4.  Resume  de  1' optimisation 

Nous  pensons  que  dans  l'ensemble,  bien  que  les  sensibilites  soient  assez  differentes,  notre  message  est  le 
m§me  que  celui  qu'apporte  tout  nouveau  projet  depuis  des  anndes  : pour  faire  decoller  un  avion  et  le  rame- 

ner  en  seourite  au  sol,  il  doit  posseder  une  envergure  et  une  surface  alaire  un  peu  plus  importante  que 
celles  qui  seraient  ndeessaires  pour  la  mission  adrienne  seule. 
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SUMMARY 


Projected  future  conditions  at  large  urban  airports  were  used  to  identify  design  objectives  for  a long-haul,  advanced  transport 
airplane  introduced  for  operation  in  the  mid- 1 lIS0s.  Operating  constraints  associated  with  airport  congestion  and  aircraft  noise  and 
emissions  were  of  central  interest.  In  addition,  some  of  the  interaction  of  these  constraints  with  aircraft  fuel  usage  were  identified. 
The  study  allowed  for  advanced  aircraft  design  features  consistent  with  the  future  operating  period. 

A baseline  200  passenger  airplane  design  was  modified  to  comply  with  design  requirements  imposed  by  terminal  area 
constraints.  Specific  design  changes  included:  modification  of  engine  arrangement:  wing  planform;  drag  and  spoiler  surfaces, 
secondary  power  systems:  brake  and  landing  gear  characteristics:  and  the  aircraft  avionics.  These  changes,  based  on  exploratory 
design  estimates  and  allowing  for  technology  advance,  were  judged  to  enable  the  airplane  to'  reduce  wake  turbulence:  handle  steeper 
descent  paths  with  fewer  limitations  due  to  engine  characteristics;  reduce  runway  occupancy  times;  improve  community  noise 
contours;  and  reduce  the  total  engine  emitlants  deposited  in  the  terminal  area. 

The  penalties  to  airplane  performance  and  operating  cost  associated  with  improving  the  terminal  area  characteristics  of  the 
airplane  were  assessed,  finally,  key  research  problems  requiring  solution  in  order  to  validate  the  assumed  advanced  airplane 
technology  were  identified. 


INTRODUCTION 

This  paper  contains  results  of  exploratory  design  studies  directed  to  future  adianced.  CTOL,  subsonic  transport  aircraft. 

The  objective  of  the  studies  was:  ( 1 1 to  identify  design  opportunities  to  help  solve  potential  noise,  emission,  and  congestion 
problems  in  the  terminal  area  portion  of  aircraft  flight  for  the  1 9 SO- 2 000  time  period:  and  (2)  to  determine  the  required  research 
and  technology.  This  study  followed  a previous  industry/NASA  program  entitled  the  “ATT"  or  Advanced  Transport  Technology 
program  (ref.  I).  That  program  emphasized  various  advanced  technology  airplane  features,  including  use  of  super-critical  airfoil 
technology  to  increase  subsonic  airplane  cruise  speed.  A subsequent  criticism  was  that  the  advantages  of  increased  cruise  speed 
might,  in  fact,  not  be  realized  on  future  aircraft  because  of  bottlenecks  and  problems  in  the  airport  terinmul  area.  This  led  to  the 
current  study,  with  emphasis  on  improved  aircraft  characteristics  in  and  around  principal  airports  (referred  to  in  short  as 
terminal-compatibility). 


To  determine  desirable  design  features,  current  airplane  noise  impact,  airplane  arrival  and  departure  rates,  and  urban  area  air 
quality  were  forecast  to  the  year  2000  for  example  airports.  Improved  airplane  capabilities  were  then  postulated  and  the  effects 
evaluated  quantitatively.  The  burden  of  terminal  compatibility  for  study  purposes  was  placed  on  the  airplane.  Possible  ground-based 
solutions  were  not  studied.  Three  specific  airports,  i.  I'.  Kennedy.  O llare,  and  Los  Angeles  International,  were  considered  to  lend 
realism  to  the  projections. 


The  feasibility  of  achieving  the  desirable  capabilities  was  examined  by  designing  airplanes  with  (lie  needed  features  Changes  to 
weight,  performance,  and  economics  were  assessed.  As  a final  step,  the  airplane  technology  development  which  had  been  found  to 
be  critical  to  the  desired  improvement  was  identified,  and  the  research  and  development  programs  necessary  to  achieve  them  were 
defined 
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Near  the  end  of  these  studies,  considerable  interest  developed  in  the  characteristics  of  aircraft  fuel  usage.  Although  a detailed 
evaluation  could  not  be  undertaken,  it  was  clear  that  many  of  the  design  considerations  relating  to  terminal  compatibility  affected 
fuel  conservation.  This  paper  treats,  in  a preliminary  way.  certain  of  these. 


DESIGN  REQUIREMENTS 

Projected  future  airport  conditions  served  to  identify  design  requirements  and  objectives  for  the  advanced  transport,  f igure  I is 
typical  of  the  results  of  these  projections.  Considerably  more  detail  can  be  found  in  reference  2. 

The  left  side  of  Figure  I shows  average  busy-hour  delay  plotted  against  year.  These  data  were  developed  on  the  basis  of  an 
analytical  model  which  simulates  runway  operations  representative  of  existing  and  projected  airport  traffic.  The  predicted  runway 
rates  depend  upon  a number  of  operational  parameters  such  as  the  separation  requirements  assumed  between  two  aircrurt  on 
approach.  The  model  is  also  sensitive  to  such  other  airplane  design  parameters  as:  braking  capability  of  the  airplane:  speed  at  which 
runway  turnoff  is  made;  the  accuracy  in  time  with  which  the  airplane  can  be  assumed  to  position  itself  at  a given  point  in  space; 
approach  speed  of  the  airplane;  and  others. 

CONGESTION  NOISE  EMISSIONS 


Yaw  Yaar  Yaar 


Figure  1.  Airport  Projections 

Numerous  cases  were  studied  considering  a matrix  of  parameters.  The  figure  illustrates  the  results  for  four  specific  sets  of 
assumed  parameters.  The  sets  range  from  a baseline  “do-nothing”  technology  level  representing  today's  conditions  to  a 
“limiting-case”  situation  which  represents  nearly  ideal  conditions  for  every  design  parameter.  The  results  indicated  that  in  today’s 
operations  under  IFR  conditions,  the  average  busy-hour  delay  (for  the  airport  considered)  would  be  on  the  order  of  28  minutes.  The 
curve  also  shows  that  under  the  impact  of  additional  traffic,  such  delay  would  grow  exponentially.  If  technology  improvements  are 
made  to  the  airplane  and  to  the  air  traffic  control  system,  such  that  reduced  aircraft  separation  distances  can  be  safely  achieved, 
and,  in  conjunction  with  this,  increased  deceleration  rates  and  increased  turnoff  velocities  can  be  achieved  on  the  ground,  then  a 
major  jump  can  be  made  in  terms  of  reducing  average  busy-hour  delay  (see  curve  labeled  "Future  I”).  Similarly,  even  more 
advanced  projections  of  aircraft  separation  and  runway  operations  parameters  could  eventually  reduce  delay  levels  down  below  the 
6-minule  delay  goal  set  for  the  purpose  of  the  study. 

Similar  projections  were  developed  for  noise  and  emissions.  Based  upon  these  projections,  aircraft  characteristics  desirable  for 
future  terminal  area  operations  were  then  established. 

Figures  2,  3,  and  4 summarize  the  desirable  airplane  characteristics  in  terms  of  three  terminal  area  components; 
approach-landing  operations,  ground  operations,  and  takeoff  operations.  Figure  2 gives  an  indication  of  pertinent  approach 
parameters  (shown  in  parentheses)  as  they  currently  exist  at  a typical  large  urban  airport.  For  example,  on  approach  we  see 
separation  requirements  between  aircraft  on  the  order  of  3 to  5 miles,  the  latte'  aeing  required  behind  large  jumbo  jets.  Typical 
approach  paths  are  3°.  The  approach  speeds  average  about  135  knots.  Typical  source  noise  levels  for  the  aircraft  are  on  the  order  of 
FAR  Part  36  although  there  is  considerable  variation,  with  some  of  the  early  turbojet  aircraft  exceeding  these  noise  levels  by  10  to 
15EPNdB.  Similarly,  "airframe”  noise  levels  (that  is,  the  noise  level  of  the  airplane  with  the  engine  propulsive  noise  removed) 
approaches  8 to  12  EPNdB  below  FAR  Part  36. 

In  contrast  to  these  values,  improved  values  (boxed)  are  shown  which,  based  on  the  results  summarized  in  figure  I,  would 
enable  the  terminal  compatibility  goals  to  be  essentially  achieved.  Thus,  for  instance,  to  improve  congestion,  calculations  showed 
that  maintaining  1 to  2 miles  separation  during  final  approach  together  with  approach  speed  reductions  to  about  120  knots  and  the 
other  indicated  changes  would  achieve  the  required  operations  rates.  Other  desirable  characteristics  included  reduction  of  airplane 
source  noise  levels,  increased  approach  glideputh  slopes,  and  improved  knowledge  of  where  the  airplane  is  enabling  relaxation  of  the 
requirement  for  5000-foot  spacing  for  independent  parallel  runway  operations  while  maintaining  safety. 
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Figure  2.  Airplane  Characteristics-Approach/Landing  Operations 
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Figure  3.  Airplane  Characteristics-Cround  Operations 
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Similarly,  in  reviewing  airplane  ground  operations  a number  of  desirable  characteristics  were  projected  (fig.  3).  Among  these  was 
a need  for  taxi  operation  of  the  airplane  without  utilizing  the  main  engines.  This  was  deemed  desirable  from  the  point  of  view  of 
airplane  ground  emissions.  Direct  landing-gear-wheel-drive  substitutes  for  the  inefficient  propulsive  thrust  developed  at  low  power  by 
the  main  engines.  Additional  benefits  might  be  improved  ground  operations  through  elimination  of  main  engine  jet  blast.  In  and 
around  the  gates,  self-powered  taxi  capability  by  the  airplane  might  help  turnaround  times  by  removing  the  dependence  of  the 
airplane  on  ground  tugs  for  backing  out  of  the  gates. 

An  additional  design  feature  identified  as  desirable  by  various  airport  personnel  was  some  “invention”  enabling  reduced  gate 
time  and  space.  Many  major  airports  today  are  restricted  in  their  capacity  to  provide  gates  to  the  number  of  operating  aircraft. 

A similar  assessment  of  takeoff  and  climb  operations  is  shown  in  Figure  4.  In  terms  of  takeoff  operations,  it  was  deemed 
desirable  that  the  airplane  be  able  to  achieve  steeper  dimbout  angles  than  current  aircraft  achieve,  as  a means  of  reducing  airport 
noise  impact.  Current  average  aircraft  climbout  gradients  are  on  the  order  of  7°  to  8°.  Based  on  the  noise  studies,  higher  climbout 
gradients,  perhaps  on  the  order  of  8°  to  10°  were  sought.  In  addition,  it  should  be  noted  that  some  of  the  aircraft  design  features 
discussed  in  conjunction  with  approach  operations  also  contribute  to  improved  takeoff  operations.  This  occurs  since  high  runway 
demand  is  currently  accommodated  by  a combination  of  holding  patterns  for  approach  and  queueing  lines  for  takeoff.  Decreased 
ground  emissions  can  be  associated  with  improvements  to  the  latter. 


\ 


SPECIFIC  DESIGN  CONSIDERATIONS 

j 

Having  established  appropriate  design  criteria,  the  terminal-compatible  airplane  was  then  configured  by  modification  of  a 
previously  configured  baseline  design.  This  was  achieved  in  the  following  way 


• Alternate  design  concepts  capable  of  satisfying  the  design  objectives  were  evaluated. 

• A preliminary  airplane  drawing  was  then  developed  and  analyzed  for  configuration  acceptability  in  terms  of  weight  and 
balance,  structural  soundness,  controllability,  aerodynamic  drag,  and  propulsion  characteristics. 
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Since  the  principal  output  of  the  overall  study  was  an  identification  of  critical  research  and  technology  areas,  the  airplane 
designs  served  primarily  as  a tool  whereby  the  appropriate  research  und  technology  might  he  identified.  The  designs  accordingly  do 
not  necessarily  represent  optimum  designs.  Again  the  reader  is  referred  to  reference  2 for  further  detail 


Figure  5 gives  an  overview  of  the  major  design  changes  several  of  which  subsequently  will  be  individually  described  in  more 
detail  A major  change  front  the  three-engine  baseline  to  a four-engine  terminal-compatible  (TAC)  airplane  provided  flexibility  for 
positioning  the  outboard  engines  near  the  wing  tip  as  a potential  method  of  tip  vortex  control.  Tip  vortex  control  was  also  the 
motivation  for  the  mechanical  device  shown  at  the  trailing  edge  of  the  outboard  wing  position.  Increased  aspect  ratio  for  the  wing 
accompanied  by  an  area  increase  of  some  300  square  feet  improved  the  low-speed  aerodynamics  enabling  reduced  airplane  noise 
impact  on  the  community.  Another  change  was  the  incorporation  of  large  drag  brakes  which  deploy  from  the  aft  fuselage  This 
change  was  motivated  by  the  requirement  for  achieving  steep  descents  for  the  purpose  of  noise  abatement  on  approach. 
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Figure  5.  Design  Changes  for  Terminal  Compatibility 

Changes  assumed  made  to  the  engines  included  an  advanced  combustor  to  improve  engine  emissions.  A smaller  change  involved 
a slight  modification  of  the  engine  cycle  toward  reduced  overall  pressure  ratio,  again  for  the  purpose  of  emission  reduction. 

Incorporation  of  a "powered-wheel”  device  for  low-speed  taxi  required  increasing  the  size  (relative  to  the  baseline  airplane)  of 
the  auxiliary  power  unit  to  drive  the  wheel.  The  APU  size  was  further  increased  to  provide  an  in-flight  capability  for  driving  all  the 
auxiliary  power  systems  of  the  TAC  airplane.  For  reasons  which  will  be  discussed,  this  latter  design  modification  was  made  to 
reduce  the  steep  descent  drag  requirement  and  to  effect  additional  noise  reduction  through  the  ability  to  realize  lower  throttle 
settings  for  the  airplane  on  approach. 

Further  design  changes  made  to  the  airplane  included  increasing  the  braking  material  in  each  of  the  landing  gear  wheels  in  order 
to  provide  the  capability  for  high-speed  deceleration  without  compromising  brake  life.  The  landing  gear,  including  both  the  main 
gear  and  the  nose  gear,  were  reviewed  for  structural  soundness  to  accomplish  the  high-speed  turnoffs  which  were  deemed  desirable 
for  improved  congestion  reasons. 

A number  of  modifications  were  made  to  the  airplane  avionic  system  in  several  areas  as  shown  in  the  figure.  Improved  displays 
were  incorporated  to  enable  the  pilot  to  perform  desirable  operational  procedures  such  as  steep  descents,  passenger-tolerated 
high-deceleration  rates,  and  high-speed  turnoffs.  These  advanced  displays  were  deemed  necessary  in  order  that  pilot  workload  be 
kept  to  levels  consistent  with  current  airplane  operations.  Beyond  that,  the  navigation  and  guidance  system  of  the  airplane  was  also 
upgraded  to  provide  (in  conjunction  with  ground-based  ATC  equipment)  an  increased  positional  accuracy. 

Wing  Trailing  Vortex  (Wake  Turbulence)  Modifications 


The  basic  motivation  to  establish  a design  change  to  control  aircraft  wake  turbulence  is  shown  in  Figure  6.  This  figure  shows 
runway  acceptance  rate  plotted  against  aircraft  in-air  separation  distance  while  parametrically  varying  outer  marker  delivery  accuracy. 
Typically,  in  today’s  operations  this  knowledge  is  established  to  an  accuracy  of  within  18  seconds;  in-air  separation  ndes  require 
between  3-  and  5-mile  distances  depending  upon  airplane  size.  The  curve  illustrates  the  potential  doubling  of  runway  operations  if 
in-air  separation  levels  can  be  reduced  and  simultaneously  the  time-wise  knowledge  of  where  the  airplane  is  can  be  increased. 
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Figure  6.  Tip  Vortex  Design  Motivation 


It  is  important  to  note  that  the  technology  for  evaluating  and  controlling  wake  turbulence  is  still  limited  in  terms  of  defining 
specific  design  approaches.  In  arriving  at  the  selected  approach,  discussions  were  held  with  representatives  of  the  NASA  to  establish 
the  technical  work  which  has  been  recently  initiated  in  various  branches  of  that  agency.  This  analysis  and  testing  had  encompassed  a 
number  of  design  approaches  for  wake-turbulence  control.  These  included:  injecting  large  masses  of  air  directly  into  the  wing  vortex; 
utilizing  some  kind  of  blockage  device  trailed  behind  the  wing  which  would  protrude  directly  into  the  tip  vortex;  redesigning  the  lift 
distribution  on  the  wing  in  a spanwise  direction  to  distribute  rather  than  concentrate  the  tip  vortex;  and  other  approaches  such  as 
various  end  plates,  vortex  generators,  or  other  devices  installed  directly  in  the  wing  tip  area  in  the  hope  of  modifying  and  breaking 
up  the  tip  vortex. 

As  a result  of  this  work  and  also  on  the  basis  of  other  studies,  a number  of  design  criteria  were  established.  These  criteria 
recognized  the  need  for  tip  vortex  control  for  both  takeoff  and  approach  operations.  They  required  that  improvements  to 
congestion  avoid  adverse  impact  to  the  noise  and  emissions  problem  (the  other  elements  of  terminal-area  compatibility).  More 
specific  criteria  were  established  in  some  cases  as  a result  of  the  NASA  studies  where,  for  example,  it  was  shown  that  the  approach 
utilizing  mass  injection  required  relatively  large  rates  of  air.  Also,  relating  to  the  various  proposed  drag  devices,  operational 
requirements  imposed  the  constraint  that  if  such  devices  are  deployed  during  approach  they  must  be  capable  of  rapid  retraction  in 
the  event  of  an  airplane  go-around. 


Of  the  various  design  approaches  studied  by  the  NASA,  several  were  rejected  for  the  purpose  of  this  study  on  the  basis  of  the 

limited  data  available.  These  included  many  of  the  proposed  wing-tip  modifications.  Based  on  the  early  data,  these  tended  to  modify 

the  tip  vortex  in  the  near-field  region  of  the  wing  trailing  edge,  but  this  effect  was  generally  shown  to  be  local  in  nature  and.  in 
fact,  the  tip  vortex  often  re-formed  downstream  shortly  thereafter.  The  idea  of  aerodynantically  designing  the  wing  to  provide  more 
optimally  distributed  spanwise  loading  is  an  attractive  one;  however,  no  data  were  yet  available  to  provide  an  indication  of  the 
effectiveness  of  such  an  approach  or  the  possible  penalties.  Similar  comments  hold  for  proposals  to  introduce  variations  in  flap  and 
aileron  deployment  in  the  hope  of  promoting  tip-vortex  instability. 

Of  the  various  NASA  studies,  qualitative  model  data  in  the  form  of  How  visualization  studies  indicated  that  large  amounts  of 

air  injected  directly  into  the  wing  vortex  did  provide  some  measure  of  vortex  dissipation.  Similarly,  the  Dow  visualization  studies 

indicated  promise  for  some  kind  of  blockage  device  which  would  be  deployed  from  the  trailing  edge  of  the  wing  and  positioned  in 
the  path  of  the  tip  vortex.  It  was  on  the  basis  of  these  studies  that  the  design  approach  utilized  for  the  TAC  airplane  was  selected. 

In  fact,  to  achieve  a solution  for  both  takeoff  and  approach,  two  vortex  dissipation  methods  were  adopted.  The  reasoning  was 
this.  The  requirements  for  massive  amounts  of  air  injection  into  the  tip  vortex  could  be  accommodated  by  locating  the  primary 
propulsion  engine  out  near  the  wing  tip.  This  solution  was  satisfactory  for  takeoff  where  high  levels  of  thrust  are  normally  desirable 
and  achieved  anyway.  However,  high  levels  of  thrust  are  not  compatible  with  the  various  approach  requirements  including  noise 
levels.  Similarly,  the  utilization  of  a blockage  or  drag  device  deployed  from  the  trailing  edge  of  the  wing  appeared  suitable  for 
approach  operations  and,  in  fact,  for  steep  descents  the  airplane  was  in  need  of  additional  drag  anyway.  However,  such  a device 
would  not  be  suitable  for  takeoff  operations  where  additional  drag  would  require  oversizing  of  the  engine  and  considerable  penalties 
would  be  incurred. 

Thus,  the  design  approach  adopted  for  this  study  (see  fig.  7)  was  to  select  a four-engine-on-the-wing  arrangement  and  to 
reposition  an  outboard  engine  near  the  wing  tip,  although  the  specific  location  could  not  be  evaluated  because  of  lack  of  data 
Operation  at  full  throttle  of  this  engine  was  assumed  to  control  tip  vortices  during  takeoff.  During  approach  with  the  engines 
throttled  back  and  presumably  ineffective  to  control  the  tip  vortex,  deployment  of  the  mechanical  vortex  dissipator  device  would 
be  used. 
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• Locate  outboard  engine  near  wingtip 

• Change  to  four-engine  configuration 

• Add  vortex  "dissipator"  device 


The  design  approach  incurred  several  penalties  which  included  weight  increases  associated  with  moving  the  outboard  engine 
from  a normal  spanwise  location  of  70%  span  to  a tip-vortex  control  location  which  was  estimated  to  be  on  the  order  of  85%  to 
100'/  span.  Additional  penalties  are  incurred  as  a result  of  increased  vertical  tail  size  to  control  engine-out  conditions.  The 
mechanical  dissipator  device  and  its  actuation  and  assembly  also  add  weight.  Some  additional  drag  was  charged  to  the  installation 
including  the  drag  associated  witli  enlarged  vertical  tail  and  fairings  for  the  vortex  dissipator.  Potential  aerodynamic  drag  penalties 
associated  witli  integrating  the  outboard  nacelle  with  the  high-aspect  ratio  wing  also  exist.  These  latter  penalties,  however,  could  not 
be  assessed  without  wind-tunnel  data  and  were  not  incorporated  into  the  analyses  of  the  TAC  airplane.  Some  penalty  is  paid  in 
terms  of  increased  noise  on  a >°  approach  because  of  the  increased  engine  throttle  setting  required  to  compensate  for  the 
vortex-dissipator  drag  when  the  device  is  deployed. 

It  is  emphasized  that  because  of  the  lack  of  detailed  design  data,  there  are  a number  of  unknowns  involved  in  the  design 
approach  adopted.  These  include:  the  effectiveness  of  the  vortex  control  measures;  selection  of  engine  position;  and  vortex  dissipator 
position  and  sizing.  Questions  exist  concerning  the  potential  flutter  problems  if  the  spanwise  location  of  the  outboard  engine  is 
required  to  exceed  a certain  distance.  Results  of  a limited  study  conducted  within  the  current  investigation  indicated  that  large 
flutter  penalties  could  be  avoided  provided  the  outboard  engine  was  located  inboard  of  a 90%  spanwise  location.  For  the  TAC' 
airplane,  an  85 % spanwise  location  was  selected,  It  is  not  known,  of  course,  whether  this  is  consistent  with  the  required  vortex 
control. 

Steep  Descent  Capability 

The  basic  motivation  for  providing  the  TAC  airplane  with  steep  descent  capability  concerned  reduced  approach  noise.  Studies 
showed  continual  (although  at  reduced  rate)  improvement  in  reducing  the  90  IT’NdB  approach  noise  contour-centerline-closure  as 
the  upper  segment  glideslope  is  increased  to  9°. 

Calculations  showed  that  the  baseline  airplane  would  accelerate  on  a 9°  approach  path  if  additional  drag  is  not  available.  This 
requirement  to  develop  additional  drag  placed  an  increased  emphasis  on  reducing  the  airplane  approach  thrust  to  the  absolute 
minimum  level.  Two  constraints  were  identified  which  can  limit  the  minimum  practicable  thrust  setting: 

1)  Maintaining  sufficient  thrust  so  t hat  in  the  event  of  an  airplane  go-around.  the  time  required  to  recover  full  thrust  is 
compatible  with  airplane  safety: 


2)  Maintaining  sufficient  engine  thrust  so  that  all  auxiliary  systems  taking  power  from  the  main  engines  (e.g.  bleed  air  for 
aircraft  anti-icing)  can  be  properly  operated. 


Figure  8a  indicates  some  of  the  considerations  relating  to  minimum  engine  thrust  levels.  The  figure  shows  estimates  of  engine 
acceleration  times  for  throttle  excursions  from  initially  low  thrust  levels.  Curves  are  shown  for  a contemporary  engine  and  for  an 
advanced  engine  studied  in  reference  3 Thai  investigation  showed  that  engine  design  changes  could  be  introduced  which  would 
improve  the  time  required  to  achieve  95%  of  full  thrust  from  some  lower  thrust  typical  of  a 6°  steep  descent  power  setting  This 
required  modifications  to  the  fuel  control  logic  and  the  schedule  for  the  variable  compressor  stator  vanes  These  changes  were  judged 
to  halve  the  acceleration  time  and  furthermore  were  assessed  to  introduce  no  weight  cost  or  noise  degradation.  If  required,  further 
engine  response  improvement  could  be  obtained  by  introducing  variable  turbine  area  This  changi  together  witli  the  others,  would 
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enable  a I -second  engine  response  lime  as  shown  in  the  figure.  However,  the  variable  turbine  geometry  does  incur  considerable 
weight  and  complexity  penalties  and  would  be  used  only  if  the  slightly  improved  response  time  were  deemed  critical.  As  a result  ol 
the  reference  3 study,  it  was  assumed  that  no  constraint  on  minimum  thrust  setting  would  exist  due  to  engine  acceleration 
requirements. 

Figure  8li  reflects  the  results  of  recent  Hoeing  studies  related  to  the  capability  of  existing  airplanes  to  execute  a (°/f 
two-segment  steep  descent.  As  the  figure  suggests,  a relatively  high  minimum  throttle  setting  was  identified  as  necessary  to  supply 
adequate  engine  bleed  air  for  airplane  anti-icing.  One  approach  to  removing  this  restriction  and  any  potential  others  of  like  kind  was 
to  relieve  the  main  engines  from  the  burden  of  supplying  power  for  all  auxiliary  systems.  This  was  achieved,  by  the  somewhat 
arbitrary  decision  to  provide  an  in-flight  auxiliary  power  unit  (APU)  capability.  As  discussed  subsequently,  this  required  upgrading 
the  baseline  APU  unit  to  two,  independent,  larger  units. 


Figure  8a.  Engine  Acceleration  Characteristics  (From  Ref  3) 


Figure  8b.  Low  Power  Setting  Engine  Characteristics 


Several  design  options  were  available  to  effect  the  drag  increase  required  for  the  steep  approach  including  increasing  the 


drag-brake  area  available  on  the  wing  surface,  utilizing  in-flight  thrust  reversing,  or  finding  other  airplane  areas  from  which  drag 


surfaces  might  be  deployed.  In  assessing  the  various  options  available,  wing  speedbrakes  were  ruled  out  because  of  their  anticipated 
tendency  to  aggravate  wing  buffet.  In-flight  thrust  reversers,  although  perhaps  a promising  approach,  were  not  adopted  because  of 
the  potential  increase  in  noise.  This  could  not  be  assessed  accurately.  However,  at  some  airports,  the  tendency  already  exists  towards 
reducing  the  use  of  thrust  reversers  even  during  ground  roll  because  of  the  community  noise  impact. 


The  design  criteria  established  to  guide  the  steep  descent  airplane  design  modifications  included  the  following.  The  design  goal 
was  to  provide  the  airplane  witli  the  capability  to  handle  a <>73°  two-segment  landing  approach.  A transition  from  the  upper 
glideslope  to  a current  3°  glideslope  was  fixed  at  500-foot  altitude  consistent  with  pilot  comments  made  during  recent  flight  tests  of 
existing  aircraft  during  noise-abatement  approaches.  The  use  of  a two-segment  approach  reduces  the  community  area  noise  without 
fears  of  adversely  affecting  aircraft  safety  by  increasing  the  descent  rate  close  to  the  ground  which  would  be  a consequence  of  a 
straight-ill  steep  glideslope  approach.  For  simplification,  all  calculations  were  made  assuming  a constant  speed,  fixed  configuration 
(landing  Haps,  gear  down).  Additional  design  criteria  were  established  which  required  sufficient  speed  and  fiightpath  control 
capability  to  handle  unanticipated  glideslope  errors  and  shearing  tailwinds. 


The  design  approach  adopted  to  obtain  the  necessary  drag  consisted  of  utilizing  deployable  aerodynamic  drag  brakes  configured 
at  the  aft  end  of  the  airplane  fuselage.  Figure  9 gives  an  indication  of  the  thrust  required  on  a 9°/3  two-segment  approach. 
Aerodynamic  drag  (shaded  region)  is  required  on  the  9°  upper  glideslope  to  maintain  nonaccelerating  flight  as  the  “thrust  required” 
falls  below  the  engine  minimum  thrust  limit.  Additional  drag  is  required  as  margin  for  speed  and  path  control  and  in  order  to  land 
in  a shearing  tailwind.  In  sum,  as  the  shaded  area  of  the  figure  shows,  additional  drag,  approximately  equal  to  the  low-speed  drag  of 
the  airplane  in  level  flight,  must  be  added  to  implement  the  9°  glideslope. 


1.  Fuselage  drag  brakes 
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3.  Avionics  capability 


Figure  9.  Steep  Descent  Design  Considerations 
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Again,  considerable  design  risk  and  uncertainly  exist  with  respect  to  the  proposed  airplane  modifications.  These  include  a lack 
of  knowledge  concerning  aerodynamic  How  interference  of  the  deployed  drag  panels  with  respect  to  the  empennage  surfaces. 
Similarly,  the  fail-safe  operation  of  such  drag  panels  has  not  been  considered  but  is,  of  course,  an  important  consideration.  Study  is 
required  to  determine  the  complexity  of  integrating  the  drag  device  with  the  airplane  flight  control  system  Although  preliminary 
conceptual  designs  were  established  for  the  drag-device  mechanization,  questions  exist  concerning  potential  interference  of  this 
mechanization  with  the  pressurized  fuselage  structure,  finally,  concern  exists  over  the  impact  on  airplane  airframe  noise,  i.e., 
nonpropulsive  noise,  which  is  expected  to  increase  as  a result  of  the  deployed  aerodynamic  drag  panels.  Insufficient  data  exist  to 
make  an  estimate  of  the  potential  airframe  noise  penalty  which. might  be  realized  relative  to  the  overall  noise  improvement  achieved 
through  the  steep  approach  path. 

Low-Speed  Aerodynamic  Improvements 

Two  separate  reasons  to  modify  the  low-speed  aerodynamics  of  the  basic  AIT  airplane  were  identified.  First,  studies  showed 
that  contingent  on  the  wake  turbulence  improvement,  runway  acceptance  rate  can  be  improved  by  about  30'/  provided  approach 
speeds  could  be  reduced  from  the  135  knot  baseline  approach  speed.  This  enables  reduced  ground  rollout  times  following 
touchdown  and  reduces  runway  occupancy  time.  The  second  reason  for  improving  low-speed  aerodynamics  was  takeoff  noise. 
Previous  calculations  had  established  that  the  baseline  airplane  relative  to  the  study  goal  of  15  FPNdB  below  FAR  Part  36  was: 
fairly  close  for  sideline  noise;  several  FPNdB  above  for  approach  noise;  but  on  the  order  of  6 to  8 F.PNdB  above  the  goal  for  takeoff 
noise. 

It  was  concluded  to  be  reasonable  to  reduce  takeoff  noise  by  providing  the  airplane  with  improved  climbout  gradients.  This 
capability  could  then  be  used  to  provide  either  increased  height  above  the  community  as  a noise  buffer  or  to  reduce  the  thrust 
necessary  to  maintain  the  required  climb  gradient  under  thrust  cutback  operation.  Several  design  options  existed  to  achieve  the 
objectives  of  reduced  approach  speed  and  the  improved  takeoff-climb  gradients.  These  included:  additional  engine  thrust,  increased 
flap  area,  increased  wing  area,  and  improved  low-speed  lift-to-drag. 

Several  design  criteria  were  established  to  guide  the  low-speed  aerodynamic  design  changes.  One  ground  rule  was  to  retain  Mach 
0.9  cruise  capability  for  the  advanced  technology  airplane.  In  addition,  it  was  estimated  that  an  increase  in  height  of  about  500  feet 
over  the  community  at  the  noise  takeoff  measuring  station  would  accomplish  the  required  noise  reduction.  A 120-knot  approach 
speed  was  specified  based  upon  runway  rate  considerations. 

In  reviewing  various  design  options,  increased  engine  thrust  and  increased  flap"  capability  were  ruled  out  since  neither  were  able 
to  achieve  both  the  approach  speed  and  takeoff  noise  goal  by  themselves.  Increased  wing  area  had  been  studied  previously  during 
the  ATT  study  and  was  shown  to  be  uneconomical  if  utilized  alone.  Changes  to  wing  sweep  and  thickness,  although  potentially 
useful,  were  not  adopted  in  order  that  ciuisc  Mach  number  would  not  be  compromised. 

Thus,  the  design  approach  selected  for  the  TAC  airplane  was  to  employ  a higher-aspect  ratio  wing.  As  shown  in  Figure  10, 
increased  aspect  ratio  had  the  advantage  not  only  of  improving  the  climbout  gradient,  because  of  its  improvement  to  low-speed 
aerodynamic  performance,  but  also  reduced  approach  speeds.  The  data  shown,  developed  in  a brief  design  study,  indicated  that  an 
aspect  ratio  on  the  order  of  9.0  would  accomplish  the  design  goals. 
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Figure  10.  Low-Speed  Aerodynamic  Design  Considerations 


There  are  several  design-risk  areas  associated  with  the  modifications  proposed.  These  include  potential  low-speed  pitch-up 

0 

tendencies  due  to  the  aspect  ratio  9,  36.5  sweep  wing.  Some  evidence  exists  that  separation  on  the  outboard  portion  of  the  wing 
may  be  difficult  to  control.  Secondly,  the  question  of  successful  aerodynamic  integration  of  the  high-bypass  ratio  engine  at  an 
outboard  spanwise  location  on  a high-aspect  ratio  (i.e.,  small  chord)  wing  may  be  difficult  to  achieve  without  undue  penalties.  The 
aspect  ratio  9 wing  in  combination  with  high-bypass  ratio  engines  is  not  a configuration  for  which  considerable  previous  design 
experience  exists. 
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Powered  Wheel/Secondary  Power  System  Modifications 

One  way  to  decrease  the  (|iianlily  of  undesirable  airplane-engine  emissions  in  the  terminal  area  is  to  decrease  the  fraction  of  the 
time  during  which  the  engines  are  running.  This  was  made  possible  in  the  'I  AO  airplane  hy  putting  motors  on  the  airplane’s  wheels 
powered  from  the  auxiliary  power  unit  (APU).  so  that  the  main  engines  could  be  shut  off  during  taxi  operation.  This  has  a large 
effect  on  the  emission  of  carbon  monoxide  and  unhurned  hydrocarbons,  since  they  are  mainly  produced  by  the  low-thrust, 
low-efficiency  engine  settings  characterized  by  taxi  operations.  Secondary  advantages  of  powered  wheels  include  lower  total  fuel 
consumption  and  elimination  of  the  need  for  tugs  to  back  airplanes  away  fiom  gates. 

Since  the  APU  power  must  be  increased  to  power  the  wheels  in  addition  to  supplying  the  normal  airplane  loads,  it  was  decided 
for  reasons  independent  of  emission  reduction  to  integrate  the  larger  APU  into  the  airborne  secondary  power  system  (in  the  baseline 
airplane,  the  APU  was  only  used  on  the  ground).  This  caused  a substantially  larger  APU  si/e  rei|iiiremenl  but  removed  the  burden  of 
supplying  anti-icing  power  from  the  main  engines,  allowing  lower  power  settings  during  descent,  giving  less  noise  and  less  auxiliary 
drag  requirements  as  noted  previously.  Figure  II  illustrates  the  APU  sizing  data.  It  is  emphasized  that  the  ill-flight  APU  use  is  not 
an  essential  part  of  the  powered-wheel  concept:  alternative  anti-icing  means  may  be  preferable  for  some  airplane  configurations. 

Redundant  power  requirements  were  met  by  using  two  Al’Us  to  supply  all  anti-icing  power,  all  on-t lie-ground  power,  and  the 
bulk  of  the  in-flight  power,  with  electrical  generators  and  hydraulic  pumps  on  the  two  inboard  engines  supplying  additional  channels 
of  safety-of-llighl  essential  loads.  Fleet rical  and  hydraulic  power  lines  from  the  outboard  engines  (placed  near  the  wing  tips  in  the 
TAC  airplane  for  tip-vortex  control)  were  eliminated,  and  outboard  engine  pneumatic  ducting  reduced  to  the  si/e  needed  for  starting 
air  to  the  outboard  engines.  The  APUs  required  sea-level  ratings  of  181)0  horsepower  each:  this  capacity  was  set  by  the  anti-icing 
requirement  as  seen  in  the  figure. 

The  powered  wheels  were  required  to  move  the  airplane  at  15  knots  forward  and  5 knots  backward.  Typical  resistance  forces  at 
these  speeds  are  2'!  of  gross  weight,  giving  a power  requirement  of  Mi  horsepower  for  each  of  four  driven  wheels  (at  least  lour  of 
the  eight  main  gear  wheels  must  be  driven,  for  reasons  of  mechanical  symmetry  I.  Hydraulic  motors  were  chosen  to  drive  the  wheels 
because  of  their  lower  weight  and  volume  relative  to  electric  and  pneumatic  motors. 

The  highest  torque  requirement  occurs  at  zero  speed,  rather  than  maximum  speed.  This  is  due  to  the  deformation  of  the  tires 
of  a parked  airplane  persisting  for  several  revolutions  under  cold  conditions,  requiring  a large  breakaway  force.  Allowance  of  b'l  of 
gross  weight  for  this  effect  plus  2 f for  ramp  slope  covers  essentially  all  situations.  If  the  wheel  motors  were  sized  for  this  torque  at 
low  speed,  then  run  at  the  maximum  speed  required  without  a change  in  gearing,  excessive  power  would  be  required.  A mechanical 
gear  shifting  mechanism  was  provided  for  load  matching;  alternatives  include  multiple  motors  switched  in  and  out.  and  variable 
supply  pressure. 

The  wheel  drive  mechanism  must  be  disconnected  during  landing  and  takeoff  and  engaged  smoothly  during  taxi  (prior  to 
shutting  off  the  main  engines  after  landing)  and  at  rest.  Mechanically  engaging  and  disengaging  a pinion  with  the  wheel-ring  gear  was 
chosen  over  various  clutches  as  leaving  the  minimum  inertia  attached  to  the  wheel,  an  important  factor  during  landing  spinup. 


Reversing  is  by  external  valving  of  the  flow  to  the  hydraulic  motor,  to  avoid  further  mechanical  complexity  at  the  wheel. 
Mounting  of  the  wheel-drive  mechanism  within  the  wheel  along  with  the  brakes  requires  considerable  redesign  of  the  wheel.  A 
combination  of  increased  lire  diameter,  lower  tire-aspect-ratio,  and  greater  wheel  assembly  width  is  necessary  to  accommodate  the 
mechanism.  The  wheel  configuration  w:o  cSviBed  so  that  both  brake  maintenance  and  lire  changing  are  still  easy. 

latch  of  the  design  choices  concerning  the  wheel-drive  mechanism  was  somewhat  arbitrary:  other  combinations  might  prove  to 
be  feasible  also.  However,  the  weight  penalties  and  wheel  configuration  problems  of  the  approach  chosen  were  judged  typical.  The 
need  for  considerable  improvement  to  Al’U  reliability  before  an  in-flight  application  as  described  above  was  identified  as  a major 
research  and  development  requirement. 

Other  Design  Changes 

Laclt  ol  the  design  changes  noted  in  Figure  5 have  been  assessed  in  a manner  similar  to  the  four  example  changes  described 
above.  The  reader  is  referred  to  reference  2 for  this  information. 


SUMMARY  AIRI’F  ANF  CIIAKACT T.RISTICS 

Figure  12  gives  a summary  comparison  of  the  principal  size,  geometry,  performance,  and  noise  characteristics  of  both  the 
baseline  and  terminal-compatible  aircraft.  Both  designs  were  sized  for  the  same  200  passenger/300'J-nautjcal-mile  range  mission. 
Whereas  the  baseline  engine  was  sized  to  achieve  the  require)!  field  length,  the  TAC  engine  was  sized  to  be  consistent  with  the 
climbout  gradient  required  by  the  previously  mentioned  takeoff  noise  objective.  Moreover,  the  baseline  airplane  wing  was  sized  to 
provide  a minimum  gross  weight  airplane  whereas  the  TAC  wing  size  was  set  by  the  120-knot  approach-speed  requirement. 
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Figure  12.  Study  Airplanes-Summary  Characteristics 


In  comparing  the  two  aircraft,  for  fixed  cruise  Mach  number  and  fixed  payload/range,  minimum  takeoff  gross  weight  serves  as  a 
figure  of  merit  in  assessing  aircraft  efficiency,  it  is  seen  that  in  these  terms  the  TAG  airplane  incurs  a 3%  penalty  as  a result  of  the 
combined  features  added  to  improve  terminal  area  operations.  This  penalty  must  be  judged  against  the  estimated  improvements  in 
congestion,  noise,  and  emissions  which  the  design  modifications  were  intended  to  achieve.  These  improvements  are  considered  in  the 
next  several  figures.  Moreover,  for  the  purposes  of  the  present  paper,  some  discussion  is  given  relative  to  impact  on  the  aircraft  fuel 
usage  characteristics. 


Figure  13  gives  an  indication  of  the  airborne  delay  assessed  by  the  simulation  method  as  a function  of  runway  operations 
rate  for  both  the  baseline  and  TAC  aircraft.  These  calculations,  for  one  of  the  study  airports  indicate  that  for  required  traffic  levels 
much  beyond  20  movements  per  hour,  the  baseline  aircraft  would  be  unable  to  hold  delay  levels  to  the  6-minutc  goal  of  the  study. 
The  TAC  airplane  was  assessed  to  achieve  this  goal  at  nearly  double  the  flow  rate.  It  should  be  noted,  however,  that  even  with  a 
fleet  of  aircraft  of  TAC  capability,  projections  for  the  three  study  airports  determined  substantially  saturated  conditions  for  two  of 
the  particular  airports  considered. 


Figure  14  depicts  the  impact  on  fuel  usage  of  both  the  design  and  assumed  operational  characteristics  of  the  TAC  and  baseline 
airplanes.  If  both  aircraft  operate  under  minimum  delay  conditions,  then  for  a 1000-nautical-mile  trip,  the  TAC  airplane  saves 
slightly  more  than  1%  of  the  block  fuel.  This  savings  results  largely  from  the  improved  range  factor  achieved  by  the  higher  aspect 
ratio  wing  (although  the  design  of  the  wing  was  selected  for  noise,  not  fuel-economy  reasons).  However,  if  the  TAC  features  added 


to  improve  congestion  prove  effective,  then  elimination  of  “holding”  type  delays  would  yield  a nearly  10%  advantage  in  fuel  use  lor 


the  TAC  airplane. 
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Figure  14.  Effect  of  Delay  on  Block  Fuel 


Figure  15  shows  a comparison  in  terms  of  relative  90  F.PNdB  noise  footprint  areas  for  the  two  study  airplanes.  For  this  plot, 
neither  “airframe”  (i.e.,  nonpropulsive)  nor  the  so-called  engine  “core”  noise  have  been  included  for  lack  of  sufficient  data.  An 
important  point  of  the  figure  is  the  interplay  between  heavy  noise  attenuation  systems  and  airplane  flightpath  capability.  Whereas 
the  baseline  airplane  design  had  utilized  two  inlet  rings  and  one  fan  duct  splitter  treated  with  acoustic  material,  the  TAC  airplane 
design  concentrated  on  improved  climbout  gradients  and  steep  descent  paths.  The  figure  shows  a comparison  with  both  aircraft 
either  heavily  treated  or  with  peripheral  treatment  only.  It  is  seen  that  the  heavily  treated  baseline  airplane  during  a 3°  approach 
produces  about  the  same  90-EPNdB  area  as  a heavily  treated  TAC  airplane  during  a 90/3°  approach.  Basically,  the  reduced  source 
noise  levels  are  already  approaching  90  EPNdB  and  thus  path  variations  have  no  effect. 

The  90/30  two-segment  approach  is,  however,  highly  effective  in  reducing  90-EPNdB  approach  area  for  peripherally  treated 
engines.  Figure  15  shows  this  to  be  on  the  order  of  an  80%  reduction  in  approach  area. 
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During  takeoff  the  peripherally  treated  TAC  airplane  provides  almost  the  same  90-FI’NdB  takeoff  noise  contour  as  the 
heavily  treated  baseline.  This  is  explained  by  the  fact  that,  for  takeoff,  at  altitudes  of  2000-3000  feel,  say,  the  high-frequency 
engine  noise  components  those  reduced  by  noise  treatment  are  attenuated  substantially  below  the  low-frequency  noise  by 
atmospheric  absorption.  The  result  of  this  comparison  is  to  show  the  attractiveness  of  peripherally  treated  engines  if  used  in 
conjunction  with  innate  airplane  noise-abatement  flightpath  capability. 


Figure  16  illustrates  the  typical  conflict  between  energy  requirements  and  environmental  quality  (in  this  case  aircraft  noise).  As 
shown  in  the  figure,  the  use  of  increasing  levels  of  acoustic  treatment  carries  with  it  successively  increased  block  fuel  penalties.  The 
curve  has  a significant  knee  in  it  which  is  associated  ultimately  with  losses  due  to  a large  number  of  acoustically  treated  inlet  rings 
and  fan  duct  splitters.  It  is  seen  that  the  higher  levels  of  fuel  penalty  can  approach  increments  of  10  to  12%  relative  to  a nontreated 
installation.  This  fuel  loss  is  of  particular  interest  in  relation  to  the  previous  discussion  showing  that  noise  reduction  achieved  by 
improved  flight  path  capability  can  be  made  equivalent  to  that  achieved  by  acoustic  treatment.  However,  in  the  latter  case,  the  drain 
on  fuel  energy  can  be  significant  whereas  lesser  penalties  have  been  assessed  for  the  first  method. 


* ns. 


Takaofi 

and 

approach 


Batalina  TAC 


Relative  noise 
improvement 
(AEPNdB) 


A Increase  in  block  fuel 
(%  at  design  range) 


Figure  16.  Noise  VS  Fuel  Usage  Trends 


Turning  to  aircraft  emissions,  Figure  17  illustrates  the  interplay,  for  carbon  monoxide,  between  the  various  design  approaches 
to  reduce  the  total  number  of  pounds  produced  during  a given  landing-takeoff  cycle.  These  approaches  include:  combustor 
improvement;  improvements  to  ground  congestion;  and  use  of  a powered  wheel.  As  shown  in  the  figure,  the  various  control 
approaches  just  mentioned  are  completely  independent  and  thus  different  options  can  be  used  to  achieve  a given  level  of  pollutant 
per  landing-takeoff  cycle. 

The  figure  indicates  the  situation  for  today’s  aircraft  with  relatively  high  emission  indices,  conventional  ground  taxi  and 
landing-takeoff  times  defined  in  accordance  with  the  U.S.  Environmental  Protection  Agency  (FPA)  standard.  The  advanced,  baseline 
airplane  is  projected  to  achieve  a 50%  improvement  in  pollutant  emitted  due  to  advanced  combustor  design  concepts.  The  TAC 


mm 
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airplane  retaining  the  advanced  combustor  but  also  making  use  of  its  “powered  wheel"  design  and  its  congestion-reducing  capabilities 
is  estimated  to  achieve  an  additional  30%  improvement.  Similar  trends  were  projected  for  hydrocarbon  emissions.  Oxides  of 
nitrogen,  however,  were  shown  to  be  controllable  only  by  engine  design  since  orly  a small  percentage  of  the  total  landing-takeoff 
emissions  is  produced  during  ground  operation. 

Figure  18  indicates  that  the  powered  wheel  can  also  be  beneficial  from  a fuel-usage  viewpoint.  The  number  of  pounds  used 
during  a given  landing-takeoff  cycle  is  shown  for:  (I  (varying  ground  operating  time,  and  (2)  powered  wheel  capability  or  not.  If  the 
KPA  standard  ground  operating  times  are  used,  the  powered  wheel  offers  savings  on  the  order  of  1%  of  block  fuel  Only  half  this 
savings  would  be  achieved  if  ground  operating  times  reflected  no  inflation  due  to  delays. 


Figure  17.  Design  Impact  on  Carbon  Monoxide  Emissions 
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Figure  18.  Fuel  Usage  for  Ground  Operations 


This  paper  has  addressed  airplane  design  for  airport  terminal  area  operations.  The  effect  on  fuel  usage  of  the  design  changes 
made  lor  improvement  to  congestion,  noise  and  emissions  was  considered.  However,  the  question  what  potential  exists  lor  specific 
design  changes  addressing  fuel  improvement  for  takeoff  and  landing  was  not  specifically  considered  in  the  present  study. 
Nevertheless,  for  completeness,  the  following  considerations  are  offered. 


The  data  of  Figure  19  are  based  upon  calculations  made  for  existing  Boeing  aircraft  and  show  potential  incremental 
improvements  lor  both  terminal  area  and  cruise  operations,  if  special  care  is  taken  to  adopt  specific  fuel-saving  schedules  rather  than 
the  more  general-purpose  flight  manual  schedules  typical  of  airline  practice.  The  improved  paths  considered  are  not  totally 
optimized;  nevertheless,  they  represent  typical  obtainable  improvements  after  considering  varying  aircraft  attitudes,  configurations, 
and  speeds.  For  example,  the  climb-improvement  increments  shown  reflect  adoption  of  a more  nearly  optimum  climb  speed.  (The 
choice  for  a specific  case  is  affected  by  such  other  considerations  as  takeoff  gross  weight,  air  temperature,  and  initial  cruise 
conditions.)  Nevertheless,  the  data  serve  to  provide  an  indication  of  the  magnitude  of  potential  fuel  savings  to  be  expected  from  a 
detailed  optimization  analysis.  It  might  be  inferred  from  the  data  that,  from  the  standpoint  of  operational  usage,  the  departure  and 
arrival  portions  of  a typical  commercial  transport  already  relied  fairly  close  to  optimum  fuel  usage. 
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Figure  19.  Fuel  Savings  Potential  by  Operational  Considerations-Typical 
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CONCLUDING  REMARKS 

A broad  study  lias  been  completed  which, for  given  assumptions  projected  future,  unconstrained  air  traffic  growth  and  the 
potential  impact  on  airplane  and  airport  compatibility.  Particular  emphasis  was  placed  on  congestion,  noise,  and  emissions  Aircraft 
were  configured  in  the  course  of  the  study  to  help  understand  the  role  of  proposed  design  modifications.  Sufficient  detail  was 
developed  to  satisfactorily  identify  limiting  aeronautical  research  and  technology  areas.  Principal  conclusions  are  summarized  below 

• With  respect  to  air-transport  congestion 

The  results  showed  that,  if  no  corrective  steps  are  taken,  major  urban  airports  face  considerable  peak-hour  delay  if  the 
forecast  travel  demand  is  to  be  handled.  One  way  to  improve  this  situation  is  to  upgrade  runway  usage  efficiency  by 
increasing  runway  operation  rates  A principal  obstacle  to  this  goal  is  the  required  separation  distance  between  aircraft 
dictated  by  wing-tip  vortex  (wake  turbulence)  constraints.  Design  approaches  to  reduce  tip  vortex  impact  are  currently 
under  investigation  but  no  effective  control  method  has  yet  been  demonstrated.  One  potential  approach,  air  injection  using 
the  engine-jet  exhaust,  was  evaluated  with  respect  to  airplane  design  implications.  This  approach,  when  supplemented  by 
other  airplane  modification  to  enable  more  rapid  removal  of  aircraft  from  the  runway  and  permit  more  parallel  runway 
use,  can  improve  runway  operations  rates  by  1 007  to  1507c  for  a fleet  of  like-equipped  aircraft  The  proposed  design 
solution  of  increased  runway  usage  efficiency  still  contains  major  questions.  Foremost  among  these  are  safety  and  ground 
handling  of  the  increased  number  of  airplanes. 

• With  respect  to  community  noise: 

The  current  study  showed  potential  noise  improvement  due  to  modifications  of  the  airplane  takeoff  and  descent 
flightpath.  A 5-  to  7-FPNdB  improvement  at  the  FAR  Fart  36  takeoff  noise  station  was  obtained  relative  to  the  baseline 
airplane.  This  was  achieved  by  improved  low-speed  aerodynamics  using  a higher  aspect  ratio  wing.  This  aerodynamic 
improvement  also  provided  2-  to  3-FPNdB  reduction  on  approach:  however,  this  was  offset  by  an  independent  design 
modification  adopted  to  improve  wake  turbulence. 

Noise-abatement  steep  approach  capability  required  large,  innovative,  deployable-drag  brakes  (together  with  advanced 
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navigation,  guidance  and  cockpit  display  avionics).  A 9)3  two-segment  approach  showed  an  80%  approach-noise-contour- 
area  reduction  if  used  in  conjunction  with  a peripherally  treated  engine  nacelle.  However,  no  substantial  benefit  was 
assessed  for  steep  approaches  if  used  in  conjunction  with  a heavily  treated  engine  installation.  Furthermore,  with  only 
peripheral  treatment,  but  with  the  improved  takeoff  and  approach  path  capability,  the  study  airplane  90-EPNdB  area  was 
equivalent  to  the  baseline  airplane  with  extensive  acoustic  tK  itment.  No  attempt  was  made  in  this  study  to  establish  or 
evaluate  optimized  noise-abatement  flightpaths. 

• With  respect  to  engine  emissions. 

Aircraft  emissions  today  constitute  a very  small  percentage  of  the  total  overall  pollution  question;  even  within  the 
immediate  airport  vicinity,  emission  sources  today  are  about  evenly  divided  between  aircraft  and  automobiles.  An 
assessment  of  satisfactory  emission  levels  of  future  aircraft  engines  is  hampered,  however,  by  lack  of  ability  to  relate  such 
levels  accurately  to  ambient  air-quality  standards.  Ignoring  the  question  of  air  quality,  several  means  to  reduce  aircraft 
engine  emissions  have  been  studied,  including;  improved  combustor  technology:  aircraft  taxi  operations  using  a powered 
wheel;  and,  projections  of  reduced  ground  delay.  Relative  to  an  existing  current  wide-body  airplane,  an  advanced  airplane 
taking  advantage  of  all  of  these  would,  during  a given  landing/takeoff  cycle,  show  reductions  of  80%  for  CO,  90%  for  IIC. 
and  80%  for  NO^- 

Combustor  improvements  for  new,  advanced  engines  have  been  estimated  by  the  engine  manufacturers  in  informal 
discussions  to  incur  negligible  weight,  performance,  or  cost  penalties.  Under  these  conditions  the  powered-wheel  device, 
which  incurs  a modest  penalty  of  less  than  1%  TOGW,  is  nevertheless  noncompetitive.  Study  estimates  show,  however, 
that  a 10%  increased  engine  cost  could  cause  a net  effect  on  operating  cost  equivalent  to  that  of  the  powered  wheel. 

Importantly,  the  powered  wheel  offers  potential  design  flexibility  which  may  prove  convenient  to  control  NO^  emissions. 
This  occurs  as  follows.  Many  projected  combustor  advancements  reduce  NO^  emissions  at  the  expense  of  increasing  CO 
and  HC,  and  vice-versa.  This  study  has  shown  that  the  powered  wheel,  while  ineffective  in  controlling  NO^.  is  quite 
effective  in  reducing  CO  and  HC  tonnages.  Thus  the  powered  wheel  and  advanced  combustor  might  be  properly  regarded 
as  complementary  rather  than  competitive  design  approaches,  allowing  the  latter  to  be  biased  in  favor  of  NO^  control. 

• With  respect  to  airplane  fuel  usage: 

Substantial  interaction  exists  between  airplane  design  modifications  directed  toward  improved  terminal  area  operations  and 
those  which  affect  overall  fuel  usage  Although  fuel  usage  was  not  a primary  consideration  in  the  current  study,  some 
preliminary  points  can  be  made 


I ) Aircraft  design  modifications  directed  toward  improved  runway  operating  efficiency  could  if  the  projected  delay 
improvements  are  realized,  simultaneously  improve  fuel  usage  by  10%. 
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2)  The  use  of  extensive  aeoustie  treatment  to  effect  noise  reduction  carries  with  it  penalties  to  fuel  usage  on  the  order 
of  several  percent  of  block  fuel  or  more.  An  alternate,  less  fuel-expensive  approach,  shown  to  provide  equivalent  90 
El’NdB  noise  contour  impact,  may  be  found  in  providing  improved  airplane  takeoff  and  descent  paths. 

3)  Selection  of  a higher-aspect-ratio  wing  to  reduce  noise  through  improved  departure  flightpaths  led  to  a significant 
block  fuel  saving1'  Juc  to  improved  cruise  range  factor.  This  result  suggests  that,  were  fuel  efficiency  to  be  the  sole 
design  objective,  c\  tsiderablc  opportunity  might  exist  for  innovative  design  thought. 

4)  Use  of  the  powered  wheel,  besides  effecting  carbon  monoxide  and  hydrocarbon  emissions  improvement,  also  could 
contribute  to  improved  fuel  economy  on  the  order  of  1/2%  to  1%  of  block  fuel. 

The  improved  airplane  qualities  considered  in  this  study  are  rational  projections.  However,  it  is  important  to  note  that 
implicit  in  these  projections  is  the  assumption  of  extensive  research  effort  followed  by  sufficient  development  !o 
demonstrate  technology  readiness.  Figure  20  summarizes  those  technology  areas  found  most  critical  to  achieving  improved 
terminal  area  compatibility.  Reasons  for  identifying  the  problem  areas  shown  included:  large  calculated  benefits  if  effective 
design  solutions  could  be  achieved,  and  insufficient  existing  technical  base  to  assess  potential  benefits. 

Both  of  the  above  reasons  were  judged  sufficient  to  recommend  active  research  programs  in  all  of  the  critical  technology 
areas.  Moreover,  the  reader  is  cautioned  that  in  the  absence  of  R&D  expenditure,  the  projected  improvements  shown  in 
this  paper  have  little  likelihood  of  realization. 
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Figure  20.  Terminal  Compatibility  Key  Research 
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PERFORMANCES  DU  FREIUAOE 
par  Georges  LEBLANC 

Service  Technique  Aeronautique,  Paris,  Fr. 


Resume 

Les  distances  de  freinage  lore  d'un  atterrissage  ou  lore  d'un  decollage  abandonn?  dependent  des 
vitesses  permises  par  les  dispositifs  hypersustentateurs  et  de  l'energie  cinetique  pouvant  8tre  abordee 
par  les  systemes  de  freinage  selon  le  coefficient  de  frotteraent  disponible  pneu-piste. 

Ce  dernier  aspect  n'a  pas  fait  l'objet  d'etudes  aussi  poussees  que  celles  entrepriseB  pour  ame- 
1 iorer  l'aerodynamique  de  l’avion.  En  plus  de  l'interet  evident  sur  les  performances,il  est  necessaire  de 
determiner  les  marges  de  securite  qu'il  convient  de  prendre  sur  les  distances  de  freinage  pour  differents 
etats  de  la  piste. 

Dans  ce  papier,  1* auteur  propose,  pour  parvenir  d une  prediction  des  distances  de  freinage, 
un  schema  comprehensif  du  phenomene  de  glissance  sur  pi3te  mouillee  base  sur  le  module  des  troie  zones 
de  GROUGH.  Les  resultats  d'essais  obtenus  sur  CARAVELLE  confirnent  que  le  modele  est  satisfaisant  et  qu'il 
peut  coi  duire  a la  prediction  des  distances  de  freinage. 

Enfin  l'auteur  porte  dans  ses  conclusions  l’accent  sur  la  necessite  de  poursuivre  des  etudes 
pour  diminuer  les  risques  d'accident  sur  les  avions  de  transport. 
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BRAKING  PERFORMANCES 


Abstract 


During  Landing  or  aborted  take-off,  the  braking  distances  are  depending  on  the  speed  allowed  by 
night  lift  devices  and  on  the  Kinetic  energy  which  must  be  absorbed  by  the  braking  systems  according  to 
the  available  friction  coefficient  of  tyre  runway.  Studies  on  this  last  point  has  not  yet  been  so 
deepened  as  aerodynamic  studies.  Beside  obvious  interest  for  performances,  it  is  necessary  to  know  how  to 
determine  the  safety  margins  which  have  to  be  taken  on  braking  distances  according  to  actual  conditions  of 
the  runway. 

In  this  paper,  the  author  suggests  for  the  prediction  of  braking  distance  a comprehensive  schema 
of  friction  phenomena  on  wet  runway  according  the  three  zone's  GROUCH  model.  The  test  results  obtained  with 
CARAVELLE  Aircraft  confirm  that  the  proposed  model  is  correct  and  that  il  can  give  a satisfactory  prediction 
of  the  braking  distance. 

At  last  the  author  puts  in  his  conclusions  the  emphasis  on  the  need  to  pursue  studies  in  order 
to  alleviate  risks  of  accidents  on  the  transport  aircraft. 


1 - INTRODUCTION 


Le3  performances  de  freinage  lors  de  l'atterrissage  ou  lors  d'un  decollage  abandonne  n'ont  pas 
fait  l'objet  d'etudes  aussi  poussees  que  les  performances  en  vol,  peut  etre  parce  que  cette  partie  est 
moins  rentable,  ou  parce  que,  a tort,  elle  ne  fait  pas  appel  aux  memes  specialistes  aeronautiques.  Pourtant 
il  semble  bien  etabli,  et  tous  les  pilotes  interroges  le  confirment,  que  la  phase  du  freinage  peut  devenir 
hasardeuse  dans  certaines  conditions  defavorables  de  piste,  de  vent  ou  de  vitesses  pra*iquees  a l'impact. 

Les  nouveaux  avions  de  combat  ou  de  transport  u grande  capacite  d'un  prix  eleve,  exigent  main- 
tenant  que  les  distances  d'arret,  et  par  consequent  les  lorgueurs  de  piste  necessaires,  ne  soient  plus  le 
fait  du  hasard  mais  qu'elles  puissent  etre  reproductibles  et  que  lews  methodes  de  prediction  soient  defi- 
nies  pour  differentes  conditions  de  vitesses  d'impact,  de  vent,  d'etat  de  la  piste. 

Le  but  de  ce  papier  est  d'apporter  certaines  remarques  sw  les  methodes  de  prediction  des  dis- 
tances dans  le  cas  ou  le  freinage  n'est  pas  limite  par  les  freins,  mais  par  les  caracteristiques  du  contact 
pneu-piste.  Ces  remarques  ont  pu  etre  faites  a la  suite  des  essais  de  GLISSANCE  effectues  sur  un  avion 
Caravelle  equipe  d'un  dispositif  GPAD  sur  it  terrains  differents  (3  pistes  en  beton,  1 en  asphalte). 

Bien  du  travail  analytique  et  bien  des  essais  ont  ete  entrepris  par  des  chercheurs  principale- 
ment  aux  USA  et  au  Royaume  Uni  pour  expliquer  les  phenomenes  de  frottement  et  pour  developper  des  methodes 
de  prediction  des  distances  de  freinage.  Le  probleme  du  freinage  pneu-piste  apparait  bien  plus  complique  que 
le  probleme  des  performances  liees  a l'aerodynamique  de  1' avion  ; des  factews  tels  que  la  flexibility  du 
pneu,  le  de3sin  de  la  bande  de  roulement  et  la  rugosite  de  la  surface  du  revetement  rendant  toute  approche 
purement  analytique  pratiquement  insoluble,  s'il  n'est  pas  faits  d'hypotheses  simplificatrices  basees  sur 
des  resultats  d'essais. 

Ce  papier  s' inspire  largement  des  etudes  americaines  et  britanniques  et  particulierement  de 
l'etude  theorique  de  M.  Walter  B.  HORIJE  et  de  l1  ensemble  des  importants  travaux  de  son  equipe. 
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2 - PARAMKTRE  iN  .‘bRYl-NAilr  DA-iJ  LE  FROTTEMRIT  PNEU^PISTE 
2. 1 - Le_ooeffioient_de_frottement 

Par  definition  le  coefficient  de  frotteraent  est  le  rapport  entre  la  force  horizontale  Fx 
diveloppee  dans  l'aire  de  contact  pneu-aol  et  la  force  verticale  Fy  appliquee  Bur  cette  aire  de  contact. 
II  apparatt  que  pour  un  avion  le  coefficient  de  frotteraent  3 prendre  en  consideration  est  celui  pour 
lequel  la  force  verticale  represente  la  somrae  dea-  composantes  verticales  sur  lea  roues  principales  frei- 
nantea,  du  poids  de  l'avion,  de  la  portance  et  dea  forces  verticales  d'inertie  introduitea  par  l'avion  et 
le  profil  de  la  pi3te. 

II  est  aussi  utilise  un  coefficient  de  frottoment  generalise  yji  pour  lequel  la  force  glo- 

bale  (poids  - portance)  e3t  supposee  appliquee  sur  les  roues  principales.  & 

La  connaissance  du  coefficient  de  frotteraent  generalise  instontanne,  et  des  forces  verticales 
perraet  de  calculer  la  distance  de  freinage  D.  Kn  negligeant  les  forces  d'inertie  "avion  - piste",  cette 
distance  est  representee  par  la  relation  approcl  ee  suivante  : 

Y 

B , - / - V-  * 

f'  ~ T‘  r F r 


dans  cette  relation 

V = viteo3e  de  l'avion  en  m/s 
m = masse  en  Kg 

2 

g = acceleration  de  la  pesanteur  = 9,81  m/s‘ 

Rz  = portance  en  U 
Rx  * trainee  en  li 

Fr  = poussee  reverse  des  reacteurs  en  U. 

2.2  - P2j;arnetre_ in tervenant_ daris_le_f rettement  pneu^piste 


Le  frottement  ou  le  coefficient  de  frotteraent  generalise  longitudinal  depend  de  17  parametres 
independents  : 

- piste  (6)  : texture  ou  forme,  •? f viscosite,  Ep  elasticity,  H hauteur  d'eau,  viscosite  eau, 

^ masse  volumique  de  l'eau. 

- pneu  (8)  : texture  ou  forme  initiale,  usure,  R rayon,  7<.  viscosite  caoutchouc,  Ec  elasticity  eouiva- 
lente  de  la  bonde  de  roulement,  p masse  volunique  du  caoutchouc,  T temperature,  Cp  chaleur  speesfique. 

- vehicule  (3)  : Fz  force  resultante  verticale,  V vitesse,  uO  R vitesse  tangentielle  de  la  roue  non  defor- 
mee  (ce  pararaetre  tient  compte  du  couple  de  freinage  applique)  R est  le  rayon  du  pneu. 

II  est  facile  de  comprendre  que  les  conditions  d'essais  doivent  mentionner  ces  parametres.  tieu- 
reuseraent  un  certain  nombre  de  ces  parametres  sont  des  constantes,  et  1' analyse  diraensionnelle  montre 
qu'un  groupement  judicieux  permet  dediminuer  de  faqon  utilisable  les  parametres  sans  dimensions  les  plus 
infl uent3. 

2.3-  Fararaetres_les_pius_ influent . 


II  est  habituel  de  considerer  les* parametres  suivants  corame  les  plus  influents  sur  le  frotteraent  : 
, . . v - 1 v R 

- le  glissement  s defim  par  s = ' . La  figure  1 donne  1’ allure  classique  du  coefficient  de 

V 

frotteraent  avec  le  glissement  tous  les  autres  parametres  etant  constants.  II  serait  illusoire  de  compa- 
rer des  resultats  d'essais  differents  si  ce  pararaetre  n'etait  pas  connu,  ou  nieux  s'il  n'etait  pas 
maintenu  constant. Les  dispositifs  "anti-patinage"  donnant  une  loi  noyenne  du  glissement  doivent  etre  uti- 
lises pour  rendre  le3  distances  de  freinage  reproductibles. 

- La  texture  de  la  piste  semble  intervenir  sous  deux  formes  :(a)  la  maciotexture,  ou  irregularites  visibles, 
definie  generalement  par  une  hauteur  raoyenne  de  sable  fin  ou  de  graisse  recouvrant  toutes  les  asperitts. 

La  macrotexture  est  responsable  du  frottement  d'hystoresis,  du  frottement  d'abrasion  (tearing),  de  l'eccu- 
iement  de  l'eau  sous  l'empreinte  du  penu.  (b)  la  raicrotexture , irregularites  inferieures  au  1/10  de 
millimetre,  dont  l'effet  moins  evident  semble  porter  principalement  sur  le  frottement  d'a^hesion,  origine 
profonde  du  frottement.  Les  distances  de  freinage  30nt  grandement  influencees  par  la  texture  de  la  piste. 

II  est  necessaire  de  faire  intervenir  ce  pararaetre  dans  la  prediction  des  distances  de  freinage. 

- na  hauteur  d'eau  reduite  K.V.,  dont  l'effet  se  fait  surtout  sentir  pour  des  valeurs  de  H inferieures  a la 
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macrotexture  et  pour  dee  valeurs  euffieantea  permettant  l'hydroplanage.  Le  paramfitre  HV  eet  l'ecriture 
simplifiee  du  .Nombre  de  Reynolds  global  Rg  dans  le  d^but  de  la  zone  de  co  itact  reel  pneu  piste  : 


Hg  - (H.V.)  C'a 

% 

V 

- La  vitesse  reduite  du  pneu qui  marque  l'influence  de  la  vitesse  seule  est  l'ficriture  simplifiee  du 

P 

So 


nombre  de  Sommerfeld  So  : 

- Le  rapport  de  pression  dynamique  V2  . L'influence  de  ce  rapport  commence  3 se  faire  Bentir  sous 


It  'j/ T,  R 


2 P 

l'empreinte  du  pneu  a des  vite3ses  tr3s  inferieures  a la  vitesse  d'hydroplannage. 

- L'aire  du  contact  reduite  : Fz  , ou  deflexion  reduite  du  pneu,  qui  est  pratiquement  proportionnelle 

P.R2 

au  rapport  AO  . AO  etant  l'aire  apparente  de  l'empreinte  pneu  - sol. 


Le  frottement  peut  etre  represente  a l'aide  de  ces  6 parametres  reduits,  faisant  intervenir  les 
parametres  independant3  : V,  oo.R,  <?c  , 7fl  , H,  P,  R,  Fz,  texture  piste,  lorsqu'il  est  neglige 
l'effet  des  parametres  lies  au  caoutchouc,  c'ect-3-dire  l'cnergie  dissipee  par  hysteresis,  et  l'effet  pro- 
pre  du  pneumatique  lequel  est  conaidere  comme  un  element  constant.  Les  resultats  ne  sont  done  valables  que 
pour  une  qualite  donnee  de  pneumatique.  Les  predictions  seraient  a faire  pour  un  avion  donne  avec  les  dif- 
ferents types  de  pneus  prevus  en  utilisation. 

3 - RAPPEL  SOMMAIRE  DES  PRIHCIPES  DK5  DIFFERENTS  SYSTEMES  D ' ANTI-PATINAGE 


La  fonction  primaire  d'un  systeme  anti-patinage  est  de  dirainuer  la  pression  des  freins  lorsque 
le  pneu  a tendance  a se  bloquer,  c'est-3-dire  lorsque  sa  deceleration  angulaire  devient  Buperieure  (en  valeur 
absolue)  a une  valeur  estimee  limite.  Les  differents  systemes  existants  peuvent  etre  approximativement 
schematises  par  L principes  de  base. 

3.1  - 

La  pression  de  freinage  est  sujprimee  des  que  la  deceleration  atteint  une  valeur  constante  prede- 
termines ou  seuil. 

3.2  - Le_s£steme_a_gression_modulee_a_seuil_predetermin(_ 

Dans  ce  systeme,  la  pression  de  freinage  est  une  fonction  de  l'ecart  mesure  entre  la  decelera- 
tion actuelle  et  le  seuil  predetermine. 

3.3  - Le_sy 3 1 erae_ a_gre a sion_nodulee_et_seui Invariable 

Le  seuil  est  variable  pour  tenir  compte  de3  variations  du  coefficient  de  frottement  disponible 
selon  l'etat  de  la  piste  (seche  ou  mouillee).  Le  principe  de  ce  systeme  differe  du  precedent  dans  ce  sens 
que  le  seuil  e3t  determine  soit  comme  une  fonction  de  la  vitesse,  soi*  d'une  faqor  telle  que  la  variation 
de  l'ecart  de  la  deceleration  (entre  deceleration  actuelle  et  seuil)  reste  proportionnelle  a la  variation 
d e la  pression  de  freinage. 

3.1*  - Le_systeme_u_taux_de_glissement_constant_ou_ajustable 


La  pression  de  freinage  est  regulee  de  faqon  a ce  que  le  taux  de  glissement  mesure  a bord  de 
l'avion  soit  constant  ou  soit  tel  que  le  coefficient  de  frottement  ou  de  deceleration  de  l'avion  soit 
au  maximum  de  la  courbe  ^ 3 f(s)  ou  dV/dt  = f (s).  C'est  ce  dernier  systeme  qui  a ete  utilise  lors  des 
essais  de  glis3ance  sur  la  Caravelle,  il  est  designe  par  le  sigle  SPAD. 

1*  - LES  3 REGIMES  DE  FO.JCTICUHKJOT  D'UN  PNEU  SUR  PISTE  MOUILLEE 

Les  premiers  resultats  disponibles  des  essais  de  glissance  sur  Caravelle  ont  fait  l'objet  de 
diverses  theories  de  synthese  basees  sur  des  modules  differents  pour  expliquer  les  dispersions  apparentes 
dans  cea  resultats.  II  est  apparu  a ce  stade  de  l'etude  qu'un  raodele  base  sur  cetui  propose  par  GOUGH  en 
1959  permettrait  uneraeilleure  synthese  des  resultats,  puis  une  comprehension  physique  probable  du  frotte- 
ment d'un  pneu  sur  piste  mouillee. 

La  figure  2 represente  le  modele  adopts,  dans  lequel  1' interface  entre  le  pneu  et  le  sol  est 
decompose  en  3 zones  arbitrairement  distinctes  : 

Une  zone  I d'ecouleraent  dynamique,  une  zone  II  d'ecoulement  larainaire,  et  une  zone  III  de  contact 
"pseudo-sec".  Dans  cette  derniere  zone  le  pneu  est  en  contact  partiel  avec  la  piste  et  maintient  prisonniere 
une  certaine  quantite  d'eau  dans  laquelle  se  developpe  une  pression  visqueuse  proportionnelle  3 la  vitesse. 
Pratiquement  la  zone  III  est  la  seule  donnant  naissance  au  frottement  par  adhesion,  abrasion  et  par  hystere- 
sis. 


Une  etude  theurique  basee  sur  ce  concept  des  trois  zones  succesBives  permet  de  montrer  que  sui- 
vant  la  hauteur  d'eau  et  la  vitesse,  il  existe  3 regimes  distincts  de  fonctionnement  comme  illuntre  sur 
la  figure  3.  Ce  sont  : 


— MMir 


)' ■ Ill  III  Ik. 
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(a)  rfigime  A : aux  vitesses  faibles  et  hauteur  d'eau  faible,  aeule  la  zone  de  contact  "pseudo  sec"  exiBte. 
Le  contact  eat  partielleraent  aec  selon  la  grandeur  (H  -gp),  gp  otant  une  dimension  figurant  la  macro- 
texture et  H Start  gfinSralement  inferieure  4 gp.  La  partie  restante  raouillSe  dans  l'empreinte,  a adhe- 
rence negligeable  developpe  une  presaion  visqueuae  proportionnelle  a la  vitease.  Cea  considerations 
-mntrent  que  le  coefficient  de  frottement  peut  etre  exprimee  bous  la  forme  approchee  suivante  : 


/*  ^ /*» 


- K*.h 


eat  le  coefficient  de  frottement  aur  la  piste  sSche  a la  vitesae  consideree  V. 


K1  eat  un  ceofficient  tenant  compte  de  la  macrotexture,  de  la  forme  du  granule  et  de  la  porosite  de  la 
piate.  La  figure  4 donne  Involution  du  coefficient  de  frottement  la.  a iso  vitesse  V en  regime  A pour  la 
Caravelle  aur  le  terrain  de  Bretigny.  ' 

(b)  regime  B i pour  une  valeur  donnee  de  IIV,  a iao  vitesae  V . la  hauteur  critique  he,  definie  par  un  nom- 

P 

bre  de  Reynolds  critique  tel  que  i 


Rc 


fa 


7a 


V.  he 


devient  egale  a la  hauteur  d'eau  H.  A cet  instant  un  ecoulement  visqueux  apparait  (zone  II)  et  la  partie 
avant  de  l'empreinte  se  souleve.  Ce  caa  de  fonctionnement  transitoire  doit  vraisemblablement  etre  fugi- 
tif,  il  correspond  a la  figure  3 A-B.  Des  l'instant  oil  la  vitesse  augmente,  la  hauteur  critique  he  dimi- 
nue,  la  zone  II  se  deplace  vera  l'arriere  de  l'empreinte  et  la  zone  I apparait  immediatement.  Un 
bourrelet  frontal  se  dev;..loppe.  La  hauteur  ha  du  point  A extrCmite  avant  de  l'empreinte  augmente  avec 
la  vitesse,  puis  diminue  ensuite. 

2 

Le  rapport  ha/H  est  une  fonction  du  parametre  : (4  -V 


La  ligne  de  separation  entre  les  regimes  de  fonctionnement  A et  B presentee  sur  la  figure  4 
definie  par  la  relation  approximative  suivante  : 


est 


H 


K2. 


K2  est  un  coefficient  combine  dependant  de  la  forme  et  de  l'usure  du  pneu  et  de  la  texture  de  la  piste. 
Ainsi  a vitesse  V constante  en  regime  B,  ha/H  et  he  sont  determines,  la  forme  geometrique  de 
P 

l'empreinte  et  par  consequent  la  zone  de  contact  "pseudo-sec"  sont  elles-memes  bien  determinees.  Le 
coefficient  de  frottement  devient  done  pratiquement  independant  de  la  hauteur  H. 


(c)  regime  C : ou  regime  d' hydroplan  age  ou  d'ecoulement  dynamique  pur.  Lorsque  la  hauteur  d'eau  le  permet, 
st  pour  une  valeur  de  fe.  Vg  superieure  a la  valeur  de  1,45  environ  (selon  la  forme  du  pneu  ),  la 

2P 

zone  II  d'ecoulement  visqueux  et  la  zone  III  de  contact  "pseudo-3ec"  peuvent  disparaitre,  le  pneu 
hydroplane.  La  hauteur  (i'eau  H neeessaire  pour  qu'un  tel  phenomene  se  realise  a la  vitesse  minimale  de 

Vp  »■/  2p  . avec  Cz  25  0,70,  serait  theoriquement  troD  grande  pour  etre  rencontree  frequemment  en 
Iffe-Cz 

utilisation,  par  contre,  pour  des  vitesses  superieurea  la  hauteur  d'eau  neeessaire  a 1 ' hydroplanage 
diminue,  et  le  phenomene  peut  etre  observe.  Le  regime  C de  fonctionnement  en  hydroplanage  n'a  pas  ete 
obtenu  lors  des  essais  effectues  sur  l'avion  Caravelle.  A titre  d' illustration,  la  zone  possible  de 
ce  regime  a ete  portee  sur  la  figure  5 pour  le  cas  particulier  du  terrain  de  Bretigny.  L'  augmt  ntation 
des  zones  I et  II  par  pression  visqueuse  et  pression  dynamique  diminue  la  zone  III  de  contact"pseudo- 
sec",  pratiquement  seule  zone  genoratrice  du  coefficient  de  frottement. 


5 - PREDICTION  DES  DISTANCES  DE  FREINAGE 


La  presentation  assez  habituelle  des  resultats  donnee  par  la  figure  5 ne  doit  pas  etre  retenue 
pour  la  prediction  des  distances  de  freinage.  II  doit  lui  etre  prefere  la  representation  A*  ■ f(H.V,  V ) 

' n 


r 


f (11V.  Vpo  ) pour  les  vitesses  correspondent  aux  regimes  de  fonctionnement  A et  B comme  illustre 

P 2 

sur  la  figure  6 et  la  representation  jJ  = f (H  , fe ■ V ) pour  les  vitesses  correspondent  aux  regimes  de 


fonctionnement  B et  C. 


2p 


Dans  ces  conditions  les  predictions  des  distances  de  freinage  sur  un  terrain  donne  deviennent 
accessibles  grace  a la  connais3ance  des  reseaux  preetablis  pour  ce  terrain  et  pour  l'avion  considere,  des 
courbe3  r = f (HV,  V . (4  VP  . H ).  II  est  alors  possible  de  calculer  la  distance  de  freinage  d'apres 
p 2P  R 

la  relation  donnee  au  § 2.1. 

II  est  cependant  preferable,  semble-t-il,  et  aussi  precis  d'etablir  directement  des  reseaux  de 
courbes  donnant  D * f (HV,  V , fe-VP  , H ) sans  passer  par  l'intermediaire  du  coefficient  de 

m.V2  P 2p  R 

frottement.  En  effet  la  prediction  des  distances  de  freinage  ne  peut  etre  faite  que  si  la  loi  de  pilotage 
est  fixee,  e'est-a-dire  que  si  la  vitesse  d'impact  est  proportionnelle  a la  racine  carree  de  la  masse  et 
si  l'incidence  au  sol  e3t  maintenue  identique,  soit  les  parametres  sans  dimensions  constants*  ; 

• Dans  ces  relations  les  nouveaux  paramezres  inzroauits  sont  ceux  lids  8 l'avion  et  & u'air  t Ca  i&  KASS5 

volumique  de  l'air,  S ! surface  de  reference  de  l'avion,  et  m : masse  de  l'avion  (en  plus  de  mg). 
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fa  ,S  V2  . S . et  le  paramStre  __V .g.R2,  dejd  inclus  aous  la  forme  du  paraaSte  V a 

m*6  r2  P 7e  P 

des  constantes  prSa. 

3/2 

La  distance  de  freinage  reduite  D , ecriture  aimplifiiie  de  D . ( P^.S  ' .g)  eat  alors  represents  par 

m-v2  m.  V2 

dea  parametres  identiques  a ceux  de  y . Les  figures  7 et  10  donnent  lea  resultats  sur  4 terrains  diffe- 
rents.  II  peut  y etre  reconnu  1' influence  dea  deux  regimes  de  fonctionnement  A et  B et  1* importance  de 
l'effet  de  macrotexture.  Le  meilleur  terrain  du  point  de  vue  freinage  eBt  celui  5 revetement  d'asphalte 
poreux  u gros  granule.  La  figure  11  permet  de  comparer  les  quatre  terrains  a la  meme  vite3se  de  debut  de 
freinage  de  45  m/s  (87,5  Kt). 

REMARQUES  i 

(1)  Le  module  propose  ci-dessus  a pour  but  de  permettre  le  developpement  d'une  methode  simplifiee 
de  prediction  des  distances  de  freinage  d'aprea  di verses  mesures  portant  principalement  sur  la  texture  en 
particulier  en  developpant  des  vehicules  speciaux. 

(2)  La  hauteur  d'eau  intervenant  dans  la  determination  du  coefficient  de  frottement  comme  cela  a 
e te  vu  en  4 (a)  doit  inclure  l'eau  logee  dans  les  asperitS  du  revetement  de  la  piste,  c'est  pourquoi  il 
semble  que  la  mesure  de  la  hauleur  d'eau  par  sonde  a neutrons*  , telle  qu'elle  a ete  faite  lors  de  ces 
essais,  soit  preferable. 

(3)  La  figure  12  donne  les  resultats  des  distances  d'arret  du  vehicule  DBV  • • de  la  NASA.  La 

c omparaison  de  ce3  resultats  avec  ceux  de  la  figure  precedente  1 1 montre  que  le  rapport  des  distances 

de  freinage  entre  le  cas  mouille  et  le  cas  sec  pour  l'avion  et  pour  le  vehicule  varie  approximativement  de 

fat; on  identique  d'un  terrain  a un  autre,  mais  que  le  DBV  classe  Roissy  meilleur  que  Bricy  alors  que  pour 
la  Caravelle  c'est  pratiquement  le  cas  inverse.  Des  que  la  vitesse  de  debut  de  freinage  de  l'avion  varie, 
la  comparaisot  immediate  des  resultats  montre  les  dispersions  iraportantes. 

"Une  relation  universelle  entre  1' indication  fournie  par  un  vehicule  de  me3ure  de  frottement 

et  les  performances  d'un  avion  n'a  pas  encore  emergee.  II  est  peu  vraisemblable  qu'une  telle  relation  soit 

trouvee".  Cette  reflexion  pertinente  peut  cependant  etre  prise  en  dCfaut  si  l’on  s'assure  (par  exemple  -ur 
le  DBV)  que  la  vitesse  de  debut  de  freinage  soit  representative  de  celle  de  l'avion.  Enfin,  le  developpe- 
ment d'une  methode  transcription  des  performances  ne  peut  Stre  velablement  mene  qu'a  l'aide  d'un  vehicule 
d'eesais  sur  lequel  on  peut  effectuer  un  grand  nombre  d'esaais  sur  differents  revetements. 

6 - CONSIDERATIONS  SUR  LE  FROTTEMENT  LATERAL 


Le  frottement  lateral  disponible  n'est  pas  habituellement  examine  pour  un  avion  sous  l'aspect 
des  performances  de  freinage  a l'atterrissage,  car  il  n'intervient  pas  directement,  comme  le  frottement 
longitudinal,  dans  la  determination  des  distances  de  freinage.  Cependant,  il  doit  etre  pris  en  considera- 
tion pour  les  deux  raisons  essentielles  suivantes  : 

(a)  Controle  lateral  au  sol,  roues  libres  en  cas  de  panne  soudaine  d'un  moteur  au  deoollage  (VMCG) . 

(b)  Controle  lateral  au  sol,  roues  freinees,  par  vent  de  travers. 

Dans  le  cas  (a),  pour  les  avions  5 trains  principaux  arrieres,  a VMCG  les  gouvernes  aerodynami- 
ques  seules  doivent  etre  capables  d'as3urer  le  controle  directionnel  de  l'avion,  mais  le  couple  de  lacet 
exige  des  gouvernes  sera  d'autant  plus  faible  que  le  derapage  introduit  par  le  couple  de  lacet  d0  aux 
moteurs  engendrera  un  couple  important  de  lacet  oppose  du  au  frottement  lateral  des  pneus  sur  le  sol. 

D 'apres  des  essais  recents,  il  semble  que  le  deport  maxi  lateral  observe,  definissant  VMCG,  soit  lie  a la 
variation  de  cap  au  moment  de  la  panne  de  moteur  ; il  apparalt  done  que  la  condition  de  piste  mouillee 
devient  un  critere  important  dans  la  justification  de  VMCG. 

Le  frottement  lateral  roues  libres  par  son  influence  sur  VMCG  contribuerait  ainsi  sur  les  avions 
de  transport  a definir  les  performances  au  decollage. 

Dans  le  cas  (b)  lors  du  freinage  a l'atterrissage  ou  en  acceleration  - arret,  le  frottement 
lateral  doit  permettre  de  maintenir  l'avion  sur  la  piste  par  vent  de  travers.  Tout  le  long  de  la  trajec- 
toire,  il  doit  exister  un  frottement  lateral  disponible  suffisant  pour  compenser  les  forces  aerodynamiques 
laterales.  Il  est  possible  que  ce  frottement,  pour  certaines  conditions  de  piste,  soit  obtenu  pour  un 
glissement  inferieur  a celui  donnant  le  frottement  longitudinal  maximal.  les  regies  de  securite  voudraient 
que  dans  ce  cas  il  y ait  reduction  du  glissement,  done  une  certaine  degradation  des  distances  de  freinage. 

Le  frottement  lateral  roues  freinees  par  son  influence  sur  la  securite  contribuerait  ainsi,  sur 
tous  les  types  d'avion,  a definir  les  performances  d'atterrissage  et  d'accSlCration  - arret 

La  figure  1 donne  l'allure  typique  du  coefficient  de  frottement  lateral  disponible  pour  un  angle 
constant  de  derapage  (ou  derive). 


• La  sonde  a neutrons  mesure  pratiquement  le  volume  d'eau  contenu  par  unite  de  surface. 

• * Vehicule  developpe  par  la  NASA,  mesurant  la  distance  d'arret,  deux  roues  diagonales  bloquees,  les  deux 

autres  libres,  u partir  de  V = 60  MPH. 


J 


j 


7 - CONCLUSIONS 

- Les  resultats  disponibles  des  etudes  de  freinage  menes  aux  U.S.A.  et  au  Royaurae  Uni  ont  permia 
de  mieux  comprendre  les  phenomenes  lies  au  frottement  et  de  developper  des  methodes  d'essais  destines  a 
predire  les  distances  de  freinage  des  avion. 

- Les  essais  effectues  sur  l'avion  Caravelle  ont  raontre  qu'un  modele  base  sur  celui  de  GOUGH 
des  trois  zones  de  contact  etait  satisfaisant  pour  interpreter  les  resultats.  II  semble  qu'il  y ait  trois 
regimes  distincts  de  fonctionnement  d'un  pneu  sur  piste  mouillfie  : un  regime  oH  toute  l'empreinte  du  pneu 
est  en  contact  "pseudo-sec"  avec  la  piste,  un  regime  oil  la  partie  avant  de  l'empreinte  est  separ£e  du  sol 
par  un  ecoulement  dynamique  suivi  d'un  ecoulement  laminaire,  et  un  regime  d'hydroplanage. 

Le  regime  d'hydroplanage  n'a  pas  ete  atteint  lors  des  essais  sur  Caravelle. 

- Les  connaissances  actuelles  en  matiere  de  frottement,  et  les  resultats  d'essais  ne  sont  pas 
encore  suffisants  pour  predire  de  fajon  simple  et  satisfaisante  les  distances  de  freinage.  Une  prudence 
est  necessaire  avant  d'elaborer  des  principes,  des  consignes,  voire  des  r§glements  relatifs  au  freinage  des 
avions. 

- Des  recherches  theoriques  doivent  etre  menses  en  relation  avec  les  specialistes  de  l'aeronau- 
tique  pour  etudier  les  causes  profondes  de  l'adhesion,  paramdtre  fondamental  du  frottement,  les  autres 
parametres  intervenant  generalenent  comme  agents  reducteurs  du  frottement. 

- Des  essais  sur  avions,  sur  vehicules  speciaux  d'etudes  ou  sur  maquettes  doivent  etre  develop- 
pes  pour  determiner  l'influence  des  caracteristiques  des  pneus  (melange,  forme,  dessins  de  la  bande,  usure), 
de  la  texture  de  la  piste,  et  de  la  nature  des  contaminants. 

- Les  performances  au  sol  de  freinage  des  avions  n'ont  pas  6te  examinees  dans  le  passe  avec 
autant  de  moyens  que  ceux  mis  a la  disposition  des  performances  traditionnelles  en  vol.  Les  statistiques 
d'accidents  dQs  aux  caracteristiques  propres  des  avions  (navigability)  montrent  que  la  phase  du  freinage 
est  parmi  les  plus  critiques.  Les  pilotes  interroges  reconnaissent  que  cette  phase  de  freinage  est  la 
plus  hasardeuse,  eut  egard  du  nombre  d'accidents  evites.  Pour  aider  au  developpement  du  moyen  de  transport 
aerien,  il  devient  imperatif  de  creer  une  juste  balance  entre  les  etudes  menees  pour  les  performances 
traditionnelles  en  vol  et  les  performances  de  freinage. 
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TRADEOFF  PARAMETERS  OF  ALTERNATIVE  TAKEOFF  AND  LANDING  AIDS 
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Kennerly  H.  Digges 
Chief,  Mechanical  Branch 
AF  Flight  Dynamics  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio  4L433 


SUMMARY 

The  various  aids  for  reducing  takeoff  and  landing  distance  are  discussed.  The  launch  aids  include  rocket  assist,  catapults  and 
powered  lift.  The  landing  aids  include  reversed  turbojet  thrust,  parachutes  and  wheel  brakes.  New  technology  aimed  at  reducing  the 
weight  or  increasing  the  performance  of  landing  aids  is  indicated.  The  ways  in  which  stopping  distance  is  affected  by  variations  in 
parameters  such  as  lift  coefficient,  drag  coefficient,  reversed  thrust,  landing  velocity  and  runway  friction  coefficient  are  shown. 

GREEK  LETTERS 


LIST  OF  SYMBOLS 

Cq  = drag  coefficient 

Cq0  ■ drag  coefficient  for  a parachute  based 
on  nominal  area 

ACq0  = change  in  drag  coefficient  due  to  paiu^ute 
Cj  = thrust  coefficient 

* lift  coefficient 
D = drag,  lbf 

Dc  “ nominal  parachute  diameter,  ft 

Fa  = nose  gear  retarding  force,  lbf 

Fg  = main  gear  retarding  force,  lbf 

FG  = sea  level  static  thrust,  lbf 

Fmg  * main  gear  load,  lbf 

Fn  = algebraic  sum  of  the  horizontal  forces,  lbf 

Fnw  - nose  gear  load,  lbf 

g = acceleration  equal  to  32.2  ft/sec3 

gQ  » gravitational  constant,  ft/sec3 

L - lift,  lbf 

1 = distance  between  points  on  aircraft  as 

defined  in  Figure  1,  ft 

LSD  = braking  distance,  ft 

Maero  = aircraft  aerodynamic  moment,  ft-lbf 

M|,  “ maximum  brake  torque,  ft-lbf 

q = dynamic  pressure,  lbf/ft3 

r = radius,  ft 

S = wing  area,  ft3 

S0  = parachute  area  based  on  nominal  diameter,  ft2 
T = aircraft  thrust,  lbf 

TR  - reversed  thrust,  lbf 

• 

V * aircraft  horizontal  acceleration,  ft/sec3 

V = aircraft  horizontal  velocity,  ft/sec,  knots 

Vpo  = thrust  reverser  cut-off  velocity,  ft/sec 

W = aircraft  gross  weight,  lbm 


P = aircraft  approach  angle,  degrees 
5p  = flap  deflection,  degrees 
t)|j  = braking  effectiveness 
rjf  = thrust  reverser  efficiency 
M = friction  coefficient 
pa  = maximum  available  braking  coefficient 
= braking  coefficient 
Pg  = rolling  friction 
p = air  density,  lbm/ft3 

to  = wheel  angular  velocity  — free  rolling,  rad/sec 
tufj  ■ wheel  angular  velocity  — braked,  rad/sec 

SUBSCRIPTS 

i = ir.itial  or  design  condition 
o = nominal  parachute  area 
t ~ condition  at  beginning  of  landing 
s = condition  at  end  of  landing 
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INTRODUCTION 

Takeoffs  and  landings  are  necessary  “evils”  of  aircraft  operation.  The  takeoff  and  landing  operation  is  a high  contributor  to 
aircraft  accidents,  and  is  the  source  of  weight  penalties  for  equipment  which  is  often  useless  during  flight.  Yet,  every  successful  mission 
begins  with  a takeoff  and  ends  with  a landing.  Indeed,  the  takeoff  and  landing  performance  of  an  aircraft  becomes  a critical 
consideration  during  bad  weather,  and  during  operations  from  bases  with  sub-standard  runways.  These  conditions  may  exert  a large 
influence  on  the  design  of  STOL  aircraft. 

A variety  of  equipment  may  be  used  to  aid  the  aircraft  in  reducing  the  takeoff  and  landing  distance,  Examples  are.  conventional 
wheels  and  brakes,  parachutes  and  drag  devices,  thrust  reversers,  ground  installed  arresting  gear,  catapults  and  various  types  of 
propulsion  assistance  for  takeoff.  A study  of  the  effectiveness  of  these  devices  requires  consideration  of  the  forces  and  moments  exerted 
on  an  aircraft  during  terminal  operation. 

PHYSICS  OF  TAKEOFF  AND  LANDING 

The  ‘orces  and  moments  on  an  aircraft  with  conventional  landing  gear  are  shown  in  Figure  1,  and  defined  in  the  List  of 
Symbols.  Newton's  second  law,  applied  to  pure  horizontal  translation,  gives: 

W - Fn 

Bo  (1) 

Fn  is  defined  as  the  sum  of  all  forces  acting  in  the  horizontal  direction.  In  Figure  1, 


Fn  = T — (D  + Ffi  + Fa)  (2) 

The  value  of  Fn  is  generally  dependent  on  a number  of  variables  including  velocity.  However,  in  order  to  gain  an  insight  into  the 
problem,  it  is  instructive  to  examine  the  relationship  between  velocity  and  distance  for  constant  values  of  Fn. 


Figure  2 is  a plot  derived  from  the  well-known  relationship: 

* ' Bo  <Fn/w>  (3) 

The  ratio  (Fn/W)  provides  the  acceleration  or  deceleration  level  in  g’s.  The  curve  for  a constant  g level  shows  the  distance  required  to 
decelerate  from  a given  touchdown  velocity  to  zero.  Alternatively,  it  shows  the  distance  required  to  accelerate  from  zero  to  a given 
takeoff  velocity. 

The  curves  show  that  touchdown  and  takeoff  velocity  affect  ground  roll  distance  significantly.  Reductions  in  takeoff  and 
landing  velocity  reduce  the  roll  distance  and  also  result  in  large  reductions  in  thrust  and  braking  force  requirements  during  ground  run. 
The  force,  Fn,  may  be  made  up  of  a variety  of  components  which  originate  from  a number  of  sources.  The  way  in  which  Fn  varies  will 
be  developed  in  the  sections  to  follow. 


LAUNCHING  AIDS 


Equations  1,  2 and  3 provide  a basis  for  assessing  the  physics  of  takeoff.  Referring  to  Equation  (2),  the  terms  in  parentheses  are 
aerodynamic  drag  and  tire  friction  terms  which,  on  the  whole,  tend  to  increase  with  velocity.  The  thrust  also  varies  velocity.  However, 
as  a first  approximation,  it  may  be  considered  constant.  For  short,  high  acceleration  takeoffs,  the  thrust  term  is  much  larger  than  the 
drag  terms  and  the  velocity  dependence  is  less  pronounced.  Constant  values  of  Fn/W  may  be  used  in  Equation  (3)  to  estimate  takeoff 
distance  when  the  velocity  dependence  of  (Fn/W)  may  be  ignored. 

An  examination  of  Figure  2 gives  an  insight  into  the  takeoff  problem.  Consider,  for  example,  an  aircraft  with  a required  takeoff 
velocity  of  150  knots,  and  assume  it  has  accelerating  force  to  weight  ratio  (Fn/W)  of  0.3.  Figure  2 shows  that  the  resulting  takeoff 
distance  is  3200  ft.  Consider  next,  the  options  for  reducing  this  takeoff  distance  to  2000  ft.  Three  options  for  reducing  ih>  takeoff 
distance  are:  (1)  increase  the  thrust,  (2)  reduce  the  takeoff  velocity,  and  (3)  some  combination  of  one  and  two. 

The  required  thrust  increase  may  be  estimated  from  Figure  2.  The  figure  shows  that  a net  thrust  to  weight  ratio  of  .5  would  be 
required  to  uniformly  accelerate  the  aircraft  to  150  knots  within  a distance  of  2000  ft.  This  additional  thrust  may  be  provided  by 
increasing  the  installed  power.  Alternatively,  it  may  be  added  through  the  use  of  launching  aids  such  as  catapults  of  rocket  thrusters. 

The  selection  between  these  two  launching  aids  is  primarily  a matter  of  economies.  Catapults  have  high  procurement  and 
installation  costs  but  relatively  low  operating  costs.  Thrusters,  on  the  other  hand,  have  relatively  low  installation  costs  but  high 
operating  costs.  For  a limited  number  of  launches  from  a base  not  normally  equipped  with  a catapult,  thrusters  are  more  cost,  effective. 
As  the  number  of  launches  from  a given  installation  increases,  the  catapult  installation  becomes  more  cost  effective. 

The  option  to  reduce  takeoff  velocity  requires  that  takeoff  lift  must  be  developed  at  the  reduced  velocity.  In  the  example,  for  a 
constant  (Fn/W)  of  0.3,  the  reduced  velocity  for  a 2000  ft  takeoff  distance  is  120  knots.  This  20 % takeoff  velocity  reduction  could  be 
achieved  by  a 56%  increase  in  the  wing  area,  lift  coefficient,  or  the  product  of  the  two. 

The  combination  of  power  and  lift  to  reduce  takeoff  velocity  and  distance  has  been  the  subject  of  a number  of  studies  in  recent 
years.  Five  concepts  for  powered  lift  which  have  been  proposed  are  shown  in  Figure  3.  These  concepts  are: 


I 


(1)  Vectored  Thrust  with  Mechanical  Flaps  (VT/MF),  studied  in  Reference  (1 ) 

(2)  Externally  Blown  Jet  Flaps  (EBJF),  studied  in  Reference  (1);  applied  by  McDonnell-Douglas  on  the  AMST  prototype 

(3)  Internally  Blown  Jet  Flaps  (IBJF),  studied  in  Reference  (1 ) 


(4)  Augmentor  Wing  (AW),  experimentally  studied  by  de  Havilland;  applied  by  de  Havilland  and  Boeing  on  the  C-8 

(5)  Upper  Surface  Blown  Flap  (USBF',  applied  by  Boeing  on  the  AMST  prototype 
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Figure  4 shows  untrinimed  Cp  and  Cp  (including  propulsive  forces)  as  measured  in  the  wind  tunnel  for  all  five  systems  (1).  The 
net  Cp  advantage  for  these  systems  is  in  the  range  of  1,5  to  2,0,  which  is  the  same  range  as  required  by  the  example.  It  is  premature  at 
this  stage  to  select  a single  powered  lift  concept  for  takeo.'f  assistance.  A parametric  design  of  a STOL  Transport  using  Vectored  Thrust 
with  Mechanical  Flaps  (VT'MF)  is  shown  in  Figure  5(1),  Equal  takeoff  gross  weight  countours  are  shown  plotted  on  the  T/W  vs  W'S 
plane  Lines  of  2000  ft  landing  and  takeoff  distances  are  also  shown  as  functions  of  T'W  and  W/S.  In  addition,  the  wing  loading  which 
provided  enough  internal  fuel  tank  volume  to  fly  3600  nautical  miles  at  zero  payload  influenced  the  design  point. 

The  tradeoff  parameters  for  aircraft  installed  takeoff  aids  are  extremely  sensitive  to  the  total  mission  requirements  of  the 
aircraft.  The  reader  is  referred  to  Reference  (1)  for  an  in-depth  study  of  alternative  powered  lift  systems  for  an  advanced  STOL 
transport. 

GROUND  ARRESTERS 

Ground  arresters  are  routinely  used  to  aid  aircraft  landing  on  carriers.  They  are  frequently  used  to  arrest  fighter  aircraft  on 
slippery  runways  and  may  be  used  as  emergency  overrun  arresters  for  ali  aircraft.  Important  parameters  in  ground  arrester  design  are: 
(1)  the  aircraft  speed  and  weight,  (2)  the  desired  stopping  distance  and  (3)  the  level  of  the  decelerating  force.  Referring  again  to  Figure 
2,  the  relationship  between  aircraft  engagment  speed  and  stopping  distance  for  various  deceleration  levels  is  shown.  The  deceleration  is 
related  to  the  ratio  of  decelerating  force  to  aircraft  weight  as  shown  in  Equation  (3).  Aircraft  of  significantly  different  weights,  but 
similar  landing  velocities,  require  different  levels  of  force  to  produce  the  same  g level  of  deceleration.  Consequently,  if  a 
ground-installed  arrester  is  to  service  a variety  of  aircraft,  its  force  level  should  be  adjustable. 

Other  major  design  considerations  for  ground-installed  arrester  systems  are  the  means  for  transmitting  the  force  to  the  aircraft 
and  methods  for  minimizing  initial  shock.  There  are  relatively  few  places  on  the  aircraft  which  will  withstand  the  high  loads  which  can 
be  produced  by  arrester  systems.  The  time-honored  method  of  engaging  the  barrier  is  by  the  use  of  a tail  hook  which  is  attached  to  the 
main  structure  of  the  aircraft.  The  tail  hook  is  dropped  from  the  aircraft  and  engages  an  arrester  cable  which  is  stretched  across  the 
runway.  Shock  is  minimized  through  the  use  of  nylon  lines  br'ween  the  arrester  cable  and  the  energy  absorber.  For  aircraft  without  tail 
hooks,  it  is  desirable  to  engage  the  main  gear,  or  to  distribute  the  load  to  various  points  in  the  aircraft  through  the  use  of  netting. 

The  relationship  between  aircraft  engagement  speed  and  deceleration  force  to  aircraft  weight  ratio  is  given  in  the  Summary 
Figure  16.  In  this  instance,  a constant  runout  distance  of  1000  ft  was  assumed. 

CHARACTERISTICS  OF  AIRCRAFT-INSTALLED  BRAKING  DEVICES 

The  landing  involves  four  phases  as  shown  in  Figure  6.  These  phases  are  approach,  flare,  transition  and  braking.  The  total 
landing  distance  includes  the  transition  and  braking  distance.  The  transition  distance  includes  the  time  period  before  the  braking  devices 
come  into  full  deployment.  For  the  purposes  of  the  discussion  to  follow,  only  the  braking  distance  will  be  considered. 

Many  of  the  decelerating  forces  which  act  during  the  landing  roll  are  velocity-dependent.  Typical  examples  of  how  the 
deceleration  forces  on  a jet  aircraft  vary  with  velocity  are  given  in  Figure  7.  The  figure  shows  that  the  reversed  thrust  from  a turbojet 
engine  varies  only  slightly  with  velocity.  For  a propeller  aircraft,  reversed  propellers  would  show  a pronounced  decrease  in  thrust  with 
velocity.  Parachutes,  speed  brakes  and  aircraft  drag  produce  forces  which  vary  with  velocity  as  predicted  by  the  equation: 

D = CD_p_  VJ  (4) 

2g0 

The  wheel  braking  force,  on  the  other  hand,  increases  with  decreasing  velocity.  The  wheel  braking  force  is  the  product  of  the 
braking  coefficient  and  the  load  on  the  main  gear: 

FB  = P[,Fmg  (5) 

When  the  runway  is  dry,  the  braking  coefficient,  pb,  is  relatively  insensitive  to  velocity.  However,  the  force  on  the  main  gear  is  highly 
sensitive  to  velocity.  This  force  increases  with  decreasing  forward  speed;  that  is,  more  and  more  of  the  aircraft  weight  is  supported  by 
the  main  gear  as  the  vehicle  slows  down  during  ground  roll. 

An  examination  of  Figure  7 shows  that  drag  chutes  are  very  effective  at  high  velocity  where  the  wheel  brakes  are  ineffective. 
The  forces  produced  by  aircraft  drag  and  the  fuselage  speed  brake  are  much  smaller  than  the  parachute  drag  or  wheel  braking  forces. 
However,  they  can  become  significant  on  slippery  runways  when  the  wheel  braking  force  is  reduced.  The  thrust  force  is  effective  down 
to  low  velocities.  However,  it  must  be  terminated  at  some  cut-off  velocity  due  to  problems  which  will  be  discussed  later.  Consequently, 
wheel  braking  is  the  only  force  which  can  be  effectively  employed  at  low  velocities. 

In  the  sections  to  follow,  the  parameters  which  influence  the  design  of  the  various  aircraft  installed  decelerators  are  discussed. 
Where  applicable,  advanced  or  emerging  technology  is  indicated.  In  most  cases,  weight  reduction  is  the  objective  of  the  emerging 
technology. 

REVERSED  THRUST 

Since  power  is  available  from  the  engines  during  the  landing  condition,  this  power  can  be  used  in  generating  reversed  thrust. 
Thrust  reversal  is  accomplished  by  the  deployment  of  surfaces  which  block  the  exhaust  stream  and  change  its  direction  of  flow 
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The  reverscr  effectiveness  is  measured  by  the  ratio  of  reversed  thrust  to  forward  thrust  TR/FG  and  is  defined  by; 

qt  « TR/FG  (6) 

Theoretically,  reverser  effectiveness  up  to  1.0  is  possible  and  values  in  excess  of  0.8  have  been  achieved.  However,  high  values  of 
reverser  effectiveness  at  low  forward  flight  speeds  tend  to  cause  impingement  and/or  attachment  of  the  exhaust  gases  on  the  engine 
cowling  and/or  fuselage.  This  effect  also  results  in  re-ingestion  of  exhaust  gases,  into  the  engine  inlet.  These  factors  are  undesirable 
because  they  cause  excessive  heating  of  components  and  engine  surge.  As  a consequence,  it  is  desirable  that  reverse  thrust  not  be  used  at 
low  speeds.  Typical  values  of  thrust  reverser  effectiveness  and  cut-off  speed  are  given  in  Table  1(2). 

Although  thrust  reversers  are  very  effective  during  landing,  their  weight  and  complexity  have  made  them  difficult  to  justify  on 
high  performance  military  aircraft.  In  order  to  make  them  more  attractive,  a thrust  reverser  which  could  provide  in-flight  thrust 
vectoring  as  well  as  landing  roll  thrust  reversal  has  been  suggested  (2).  Representative  weights  for  this  type  of  thrust  reverser  are  given  in 
Figure  8.  The  lower  curve  in  Figure  8 is  representative  of  conventional  thrust  reverser  weight. 

PARACHUTES 

Landing  drag  chutes  are  a very  effective  means  of  reducing  landing  distance.  As  shown  in  Figure  7,  the  drag  chute  is  particularly 
effective  at  high  speed. 

The  drag  force  developed  by  the  chute  is  given  by  the  relation: 


Dchute  " CDo  1 So 

Based  on  the  aircraft  reference  area,  the  increase  in  aircraft  drag  coefficient  is: 


where  Sj^gp  is  generally  the  wing  area. 


ACDo  = CDo 

SREF 


(7) 

(8) 


The  values  Cq  and  S0  are  based  on,  D0,  the  “nominal  diameter"  of  the  parachute.  Ref  (3)  defines  nominal  diameter  as  follows: 

“The  computed  diameter  designation  of  any  design  canopy  which  is  equal  to  the  diameter  of  a circle  having  the  same  total  area 
as  the  total  area  of  the  drag-producing  surface,  which  includes  all  openings  in  the  drag-producing  surface,  such  as  slots  and  vents.” 


Two  types  of  drag  chutes  are  currently  used  by  the  US.  They  are  the  Ribbon  and  the  Ring  Slot  chutes.  Their  general 
characteristics  are  listed  in  Table  2.  Both  of  these  chutes  produce  low  opening  shock  and  are  similar  in  geometric  proportions  and  diag 
production.  As  will  be  shown  later,  the  ring  slot  parachute  has  a significant  weight  advantage. 


The  affect  of  parachute  diameter  on  the  weight  is  plotted  in  Figure  9.  The  weights  shown  are  for  lightweight  construction  which 
is  generally  satisfactory  for  parachutes  deployed  below  200  knots.  The  weight  includes  the  parachute  and  its  lines,  but  not  the  aircraft 
structure  for  attaching,  housing  and  deploying  the  drag  chute. 


The  affect  of  advanced  technology  on  reducing  parachute  weight  is  also  shown  in  Figure  9.  The  lower  line  in  Figure  9 represents 
a 1955  technology  ribbon-type  parachute.  The  middle  line  represents  a nylon  ring  slot  parachute  of  improved  design.  The  upper  line 
projects  the  weight  saving  for  a ring-slot  parachute  made  from  an  advanced  technology  fiber.  Experimental  chutes  made  from  this 
material  have  achieved  a 50%  weight  reduction  as  compared  to  a nylon  chute  of  similar  design.  This  improved  technology  is  expected  to 
be  available  by  1975. 


WHEEL  BRAKING  - DRY  RUNWAYS 


As  shown  in  Figure  7,  wheel  braking  is  most  effective  at  low  speeds.  However,  the  braking  force  is  dependent  on  a number  of 
factors  other  than  velocity. 

Five  factors  limit  the  ability  of  brakes  to  stop  the  airplane.  These  factors  are  the  braking  friction  available  between  the  tire  and 
the  runway,  the  torque  capacity  of  the  brake,  the  kinetic  energy  capacity  of  the  brake,  the  antiskid  effectiveness  in  combination  with 
pilot  technique,  and  finally,  the  force  on  the  main  gear. 

Consider,  first,  the  coefficient  of  friction  on  a dry  runway.  A tire  undergoing  free  rolling  develops  a rolling  coefficient  of 
friction  (p^).  Factors  which  influence  the  rolling  friction  coefficient  are  summarized  in  Table  3 and  examples  of  experimental  data  are 
plotted  in  Figure  10(4). 

As  the  brakes  are  applied,  the  rolling  tire  is  slowed  down  and  it  begins  slipping  relative  to  the  surface  on  which  it  is  rolling.  The 
braking  coefficient,  p,  is  dependent  on  the  slip  ratio.  As  shown  in  Figure  11,  the  slip  ratio  is  defined  as  the  slip  velocity  (oj  — co^,) 
written  as  a fraction  of  the  free-rolling  wheel  angular  velocity  (u>).  A slip  ratio  of  0 corresponds  to  a free-rolling  wheel  and  a value  of  1.0 
to  a locked  wheel.  A typical  variation  of  p with  slip  ratio  is  shown  in  Figure  11. 

With  brake  application,  the  coefficient  of  friction  rises  from  its  free-rolling  value.  With  the  application  of  sufficiently  high  brake 
torque,  the  friction  coefficient  reaches  its  maximum  value.  Further  increases  in  brake  torque  will  then  result  in  an  unstable  condition, 
since  further  increases  in  slip  will  cause  the  wheel  to  decelerate  to  a locked  condition.  The  available  coefficient  of  friction  at  the 
condition  of  incipient  skidding  is  called  pa.  Because  of  the  instability  which  occurs  at  pa,  it  is  desirable  to  control  the  brake  torque  so 
that  the  developed  friction  is  some  value  below  the  maximum.  The  actual  level  of  coefficient  developed  is  called  P|y  The  braking 
efficiency  is  defined  as: 


hb  = V"a 


(9) 
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The  parameter  r)b  may  be  considered  as  a measure  of  the  effectiveness  of  the  antiskid  system  or  of  the  pilot  technique  for  brake 
usage.  An  indication  of  tne  importance  of  this  parameter  is  given  in  Figure  17,  and  will  be  discussed  later. 

It  should  be  noted  that  the  curve  shown  in  Figure  11  may  vary  greatly  with  velocity,  runway  texture,  runway  contamination, 
tire  characteristics  and  other  factors.  A number  of  experimental  studies  have  been  conducted  to  determine  how  various  factors 
influence  y.  on  dry  runways.  Table  4 summarizes  the  experimental  results  reported  in  References  5 and  6. 


The  maximum  braking  force  which  can  be  developed  may  be  limited  by  the  maximum  brake  torque  rather  than  the  tire  friction. 
The  maximum  brake  torque  which  can  be  developed  for  a given  brake  pressure  is  a function  of  wheel  speed  and  brake  temperature  The 
maximum  brake  torque,  Mb,  may  be  related  to  the  retarding  force,  Fg,  by  the  expression: 


Fb  - Mb/r  (10, 

In  Equation  10,  r is  the  rolling  radius  of  the  tire.  Brakes  are  generally  designed  to  produce  a maximum  retarding  force  equal  to 
30  to  50%  of  the  airplane  weight.  For  brakes  designed  to  the  30%  level,  the  maximum  braking  deceleration  which  could  be  developed 
would  be  ,3g,  regardless  of  the  friction  coefficient  of  the  runway.  Recent  trends  have  been  toward  brakes  with  higher  torque  capacities. 

It  is  also  possible  for  brakes  to  be  energy -limited.  Absorbing  excessive  energy  without  allowing  the  brake  to  cool  can  result  in  a 
fade  in  the  torque  capacity  as  well  as  overheating  of  the  brake  components.  The  most  dramatic  recent  technology  advancement  in 
brakes  has  been  the  use  of  carbon  and  beryllium  to  achieve  the  necessary  energy  capacity  at  a significant  weight  reduction.  Figure  12 
shows  a weight  comparison  between  conventional  steel  brakes  and  advanced  brakes  using  beryllium  or  carbon.  The  comparison  shows  a 
brake  weight  advantage  in  the  order  of  40%  for  the  advanced  materials. 

The  final  factor  which  influences  wheel  braking  force  is  the  vertical  force  on  the  main  gear.  Referring  to  Figure  1,  it  is  evident 
that  the  force  on  the  main  gear,  Fmg,  may  be  determined  by  taking  moments  about  the  nose  gear.  The  result  is: 


Fmg  “ _1_  (Maero  + txCG-(W-L)+ezCG-(D-T  + W • V)] 

go 


(11) 


The  manner  in  which  Fmg  contributes  to  aircraft  deceleration  may  be  shown  by  applying  Newton’s  second  law  in  the  horizontal 
direction. 


Fn  » T — (D + Mb  Fmg  + Mr  Fnw)  (12) 

A conclusion  which  can  be  drawn  from  Equation  (12)  is  that  positive  terms  tend  to  increase  braking  distance  while  negative 
terms  tend  to  reduce  it.  For  effective  wheel  braking,  it  is  desirable  for  the  term  (pb  • Fmg)  to  become  large).  Consequently,  the  manner 
in  which  the  main  gear  is  loaded  during  the  braking  distance  influences  the  decelerating  force  developed  by  the  brakes. 

Referring  next  to  Equation  (11),  the  terms  which  influence  the  force  on  the  main  gear  may  be  examined.  Positive  terms  in 
Equation  (11)  increase  main  gear  load  while  negative  terms  cause  a reduction  in  main  gear  load.  For  the  purposes  of  this  discussion,  the 
linear  dimensions  in  Figure  1 and  Equation  (11)  are  constants.  A summary  of  the  effect  of  the  variable  terms  on  main  gear  load 
(Equation  11)  and  on  braking  distance  (Equation  12)  is  given  in  Table  5. 

A plus  sign  in  Table  5 indicates  a beneficial  effect  while  a minus  sign  represents  a detrimental  effect.  It  is  evident  from  the  data 
presented  in  Table  5 that  effective  braking  is  enhanced  by  devices  which  decrease  lift  and  increase  drag  during  the  landing  run.  Spoilers 
act  in  this  manner.  Flaps  also  act  to  increase  drag,  but  their  main  function  is  to  increase  lift  which  is  detrimental  to  braking.  Zalovcik 
(7)  examined  the  tradeoffs  associated  with  the  use  of  flaps,  spoilers,  and  elevators  during  landing.  Typical  results  of  his  study  are  shown 
in  Table  6. 

Table  6 summarizes  how  the  contribution  of  drag,  moment  and  lift  change  when  elevators  are  raised,  flaps  are  extended,  or 
spoilers  are  raised.  A plus  sign  indicates  the  contribution  increases  deceleration.  The  contribution  of  spoilers  is  beneficial  to  both  the 
drag  term  and  the  Fmg  term.  These  devices  act  to  increase  drag  and  decrease  lift  without  major  changes  in  the  aerodynamic  moment. 

With  regard  to  flaps,  the  increase  in  drag  is  offset  to  some  extent  by  the  increase  in  lift.  The  increase  in  lift  reduces  the  wheel 
braking  force  available.  However,  on  wet  or  slippery  runways,  the  drag  force  developed  by  the  flaps  may  exceed  the  braking  force  which 
can  be  developed  by  the  wheels.  Consequently,  a flaps-down  landing  would  provide  minimum  stopping  distance  at  low  values  of  pa 
while  flaps-up  would  provide  minimum  stopping  distance  at  high  values  of  pa.  Zalovcik  found  that  flaps-down  resulted  in  minimum 
stopping  when: 


Ma  = J_  AC£  (13) 

% ACL 

Raising  elevators  provides  an  upward  rotation  to  the  nose  of  the  aircraft.  This  rotation  increases  the  drag  and  the  load  on  the 
main  gear.  Both  of  these  factors  tend  to  reduce  stopping  distance.  Illustrations  of  the  effect  of  elevators  and  flaps  on  main  gear  loads  are 
shown  in  Figure  13.  The  condition  of  flaps-up  and  elevator-down  gives  the  highest  load  on  the  gear  and  results  in  the  shortest  stopping 
distance  on  dry  runways.  With  flaps-down,  the  elevator  is  less  effective,  and  lift  generated  by  the  flaps,  greatly  reduces  the  load  on  the 
main  gear. 

From  a practical  standpoint,  there  are  a number  of  factors  which  mitigate  against  using  the  minimum  distance  solution  of  flaps 
retracted  and  elevators  up  during  braking.  The  first  is  economics;  that  is,  the  use  of  available  drag  is  the  cheapest  way  of  stopping  an 
aircraft.  Consequently,  flaps-down  landing  is  more  economically  attractive.  The  second  is  control;  that  is,  the  ability  to  control  an 
aircraft  at  the  optimum  nose-high  attitude  becomes  considerably  more  difficult  than  in  the  nose-down  condition.  Moreover,  loading  of 
the  nose  gear  is  beneficial  in  providing  steering  and  lateral  control.  Positive  nose  wheel  control  is  particularly  critical  on  a slippery 
runway. 
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The  influence  of  flaps  and  elevators  is  of  course  highly  configuration-sensitive.  A number  of  configurations  are  described  in 
Reference  5,  along  with  the  stopping  distance  associated  with  various  control  techniques.  From  a stopping  distance  standpoint, 
techniques  which  develop  maximum  drag  with  negative  lift,  such  as  spoilers,  are  desirable. 

WHEEL  BRAKING  - CONTAMINATED  RUNWAYS 

The  primary  result  of  contaminated  runways  is  a reduction  in  the  available  friction  coefficient.  This  reduced  friction  has  an 
influence  on  both  the  braking  coefficient  p,  and  side  or  cornering  friction  coefficient.  As  a consequence,  braking  is  less  effective  and 
skidding  occurs  at  lower  magnitudes  of  side  force. 

Considerable  effort  has  been  expended  on  developing  and  evaluating  runway  surfaces  which  retain  high  friction  coefficients 
when  wet.  The  results  of  some  of  these  studies  are  reported  in  Reference  8. 

Typical  test  results  of  aircraft  braking  tests  on  various  surfaces  are  shown  in  Figure  14.  These  tests  verify  the  benefit  of  pavement 
grooving  for  wet  runway  traction.  Grooved  pavements  are  in  service  on  a number  of  runways  in  the  US.  A more  recent  approach  to 
improved  pavements  has  been  the  coarse,  open  textured  pavement  which  has  been  tested  both  in  the  UK  and  US.  This  pavement  has  the 
high  friction  when  wet  and  has  the  benefit  of  being  more  economical  to  apply,  particularly  when  resurfacing  of  the  existing  pavement  is 
required. 

The  effect  of  tire  tread  design  and  aircraft  velocity  on  the  coefficient  of  friction  is  presented  in  figure  15.  These  test  results 
show  that  the  circumferential  ribbed  tires  which  are  now  in  wide  use  provide  significantly  better  traction  than  the  older  diamond  or 
dimple  tread  tires. 

An  estimate  of  the  additional  improvement  which  might  be  expected  by  cross-grooving  the  tire  tread  is  shown  by  the  dashed 
line  in  Figure  15.  The  difficulty  with  cross-grooving  is  its  detrimental  effect  on  the  strength  of  the  tire  tread.  At  the  present  time, 
cross-grooved  tires  have  been  tested  for  traction  but  have  not  been  developed  to  the  point  where  they  possess  adequate  tread  retention 
characteristics.  It  is  anticipated  that  these  improved  traction  tires  will  be  developed  by  the  1975  time  period. 

CONCLUSIONS 


A summary  of  the  relative  magnitudes  of  deceleration  forces  produced  by  various  sources  is  shown  in  Figure  16(7).  Referring  to 
Figure  16,  the  cross-hatched  area  around  the  symbol  + shows  the  range  of  the  force  level  at  touchdown.  A similar  cross-hatched  area  is 
shown  around  the  symbol  S to  represent  the  force  level  at  rest.  The  mean  deceleration  force  fails  somewhere  between  these  two 
variables. 

The  effect  of  various  decelerators  on  stopping  distance  is  shown  in  Figure  17(7).  In  this  case,  stopping  distance  is  plotted  against 
the  maximum  available  braking  coefficient  pa  for  braking  efficiencies,  r?b>  °f  1-0  and  0.5.  The  figures  show  that  reversed  thrust  is 
particularly  valuable  in  reducing  stopping  distance  on  slippery  runways.  For  this  study,  it  was  assumed  that  reversed  thrust  was  applied 
until  the  aircraft  reached  zero  forward  velocity. 

A comparison  of  the  graph  for  r?j,  * 1.0  with  the  graph  for  r?b  = 0.5  gives  an  insight  into  the  importance  of  the  brake  control 
system  in  reducing  stopping  distance.  Antiskid  systems  are  designed  to  function  in  the  pitot  technique  and/or  range  between  the 
braking  effectiveness  shown  in  the  two  plots. 

Figure  18  summarizes  a parametric  variation  of  the  factors  which  influence  landing  distance  for  a fighter  aircraft  (2).  The  base 
condition  for  this  parametric  analysis  is  a normal  braked  landing  on  a dry,  hard  surfaced  runway  without  drag  chutes  or  reversed  thrust. 
This  base  point  design  is  designated  by  the  Subscript  i.  The  base  conditions  at  the  design  point  i are: 


Cd(  “ .098 
pi  “ .3 
CLi  = .17 
Vi  = 150  knots 


LSD; 

W 

Vc< 

7t 


, - 3,042  ft 
= 11,5001b 
= 40  knots 
= .5 


The  curve  shows  that  a change  in  landing  velocity  has  a pronounced  influence  on  stopping  distance.  For  example,  a 10%  change  in 
landing  velocity  results  in  a corresponding  10%  change  in  landing  distance.  Similar  results  were  obtained  earlier  in  this  paper  when 
reference  was  made  to  Figure  2. 

The  application  of  thrust  reversers  is  also  a very  effective  means  of  reducing  stopping  distance.  Development  of  a reversed  thrust 
equal  to  20%  of  the  gross  weight  would  reduce  the  stopping  distance  by  40%.  To  gain  this  same  improvement  using  wheel  braking,  it 
would  require  an  increase  in  p by  a factor  of  1 .8.  Using  drag  to  gain  the  same  improvement  would  require  an  increase  in  Cp  by  a factor 
of  5.82.  This  could  be  done  by  providing  a drag  chute  whose  area  is  approximately  equal  to  the  wing  area. 

Figure  16  also  shows  the  detrimental  effects  that  increases  in  Ci  have  on  aircraft  stopping  distance.  For  the  example  discussed 
earlier,  the  increase  in  Cp  which  was  required  for  reducing  the  takeoff  distance  would  be  detrimental  if  it  existed  during  landing  roll. 
Tradeoffs  between  devices  which  increase  both  lift  and  drag  can  be  compared  by  determining  the  net  effect  of  increase  in  drag  vs  the 
increase  in  lift.  At  the  same  time,  the  weight  charts  presented  in  Reference  (2)  and  in  the  text  of  this  paper  provide  a comparative 
indication  of  the  weight  penalties  of  alternatives  such  as  drag  chutes  and  thrust  reversers. 


Considerable  advanced  technology  aimed  at  reducing  the  weight  and  increasing  the  effectiveness  of  deceleration  aids  is  currently 
under  development.  Any  future  aircraft  design  should  take  advantage  of  these  developments  when  selecting  between  alternative  takeoff 
and  landing  aids. 
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TABLE  1 - THRUST  REVKRSER  CHARACTERISTICS 


A/C  TYPE 

THRUST  REVERSER 

EFFECTIVENESS  CUTOFF  SPEED  (KNOTS) 

Commercial  Turbojet 

.4 

50 

Commercial  Fanjet 

.6 

20 

Military 

.6 

20 

Ref  (2) 

TABLE  2 - DECELERATION  CHUTES 

CANOPY  TYPE  Cj^ 

OPENING 
SHOCK  FACTOR 

Ribbon 

.45  to  .55 

1.00 

Ring  Slot 

.45  to  .65 

1.05 

Ref  (3) 

TABLE  3 - FACTORS  WHICH  INFLUENCE  ROLLING  FRICTION 

Deflection 

Increases 

Vertical  Load 

Decreases  (With  Deflection  Constant) 

Velocity 

Increases 

Tire  Pressure 

Decreases  (With  Deflection  Constant) 

Tire  Temperature 

Slight  Decrease 

Ref  (4) 

TABLE  4 - FACTORS  WHICH  INFLUENCE  BRAKING  FRICTION  ON  DRY  RUNWAYS 

FACTOR 

EFFECT  ON  pb 

Vertical  Load 

Decrease 

Velocity 

None 

Tread  Compound 

Slight 

Tire  Construction 

Slight 

Tire  Inflation 

Slight  Decrease 

Tire  Temperature 

Slight  Decrease 

TABLE  5 - FACTORS  WHICH  INFLUENCE  DECELERATION  FORCE  ON  MAIN  GEAR 

TERM 

EFFECT  ON  Fmg 

EFFECT  ON  DECELERATION 

Aero  moment 

+ 

Indeterminate 

L 

- 

- 

D 

+ 

+ 

Reversed  Thrust 

+ 

+ 
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TABLE  6 - EFFECT  OF  AIRCRAFT  DRAG  DEVICES  ON  DECELERATION  & FORCE  ON  MAIN  GEAR 


DRAG 

NET  WHEEL  LOAD 

Drag 

Aero  Moment 

-Lift 

Net  Influence  on 
Deceleration 

Raising  elevators 

+ 

+ 

+ 

+ 

Extending  flaps 

+ 

+ or  — * 

- 

+ or  — ** 

Raising  spoilers 

♦ 

+ or  — * 

+ 

+ 

* depends  on  configuration 
**  minus  above  some  value  of 


Ref  (7) 


FIGURE  I.  FORCES  AND  MOMENTS  FOR  GROUND  OPERATIONS 


ACCELERATION  IN  g's 


VELOCITY 
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DISTANCE  FEET  (THOUSANDS) 


FIGURE  2.  DISTANCE  vs  VELOCITY  FOR  CONSTANT  ACCELERATION 


WEIGHT -POUNDS 
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FIGURE  7.  VELOCITY  DEPENDENCE  OF  DECELERATION  FORCES 
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FIGURE  8 WEIGHT  OF  THRUST  REVERSERS 
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FIGURE  9.  PARACHUTE  WEIGHT  vs  DIAMETER 
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FIGURE  10.  ROLLING  FRICTION  VS  VELOCITY 
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FIGURE  11  BRAKING  FRICTION  vs  SLIP  RATIO 
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FIGURE  12.  WEIGHT  OF  BRAKE  vs  KINETIC  ENERGY  CAPACITY 
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FIGURE  13.  EFFECT  OF  FLAPS  & ELEVATORS  ON  MAIN  GEAR  LOADS 


FIGURE  14  FRICTION  OF  RUNWAY  SURFACES 


FIGURE  15.  EFFECT  OF  TREAD  AND  VELOCITY  ON  WET  RUNWAY  TRACTION 
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FIGURE  16.  APPROXIMATE  MAGNITUDE  OF  DECELERATION  FORCES 
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FIGURE  17.  STOPPING  DISTANCE  AS  AFFECTED  BY  VARIOUS 
SOURCES  OF  DECELERATION 


FIGURE  18  SENSITIVITY  OF  LANDING  DISTANCE  TO  VARIOUS 
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A TECHNIQUE  FOR  ANALYSING  THE  LANDING  MANOEUVRE 


R F A KEATING,  ROYAL  AIRCRAFT  ESTABLISHMENT,  BEDFORD,  ENGLAND. 


SUMMARY 


Recent  RAE  studies  of  steep  gradient  aviation  have  highlighted  the  need  to  find  the  underlying 
piloting  strategy  of  landings.  A graphic  presentation  of  landing  records  is  put  forward  which,  it  is 
hoped,  will  assist  in  the  solution  to  this  problem.  By  expressing  the  pilot's  longitudinal  control 
activity  as  equivalent  speed  and  climb  rate  demands,  it  i-  possible  to  plot  simultaneously  the  aircraft 
motion  and  the  control  strategy  against  the  performance  chart  as  a reference  grid.  By  suitable  choice 
of  axis  scaling,  the  aircraft's  response  to  simple  control  input  traces  out  simple  geometric  patterns 
such  as  circular  arcs. 

Examples  are  given  of  flight  data,  principally  of  the  H3  125  in  normal,  steep  and  two  segment 
approaches.  Lower  margins  and  target  speeds  are  discussed  for  these  examples. 

LIST  OF  SYMBOLS 

Cj  lift  coefficient  ABBREVIATIONS 


CD 

drag  coefficient 

EA3 

equivalent  air  speed 

IAS 

indicated  air  speed  (uncorreoted 

D 

drag  -) 

relative  to  flight  path 

ASI 

air  speed  indicator 

L 

lift  J 

VASI 

visual  approach  slope  indicator 

6 

acceleration  due  to  gravity 

• 

ROD 

rate  of  descent  usually  in  feet  ] 

H 

rate  of  climb,  time  differential  of  height 

minute 

(normal  units  are  feet  per  minute) 

RPM 

revolutions  per  minute  of  engine 

V 

airspeed,  usually  in  knots 

FLT  123 

flight  number  123 

T 

thrust  of  engines 

FIT  12345 

landing  45  of  flight  number  123 

a 

angle  of  incidence 

Y 

flight  path  angle 

1 

angle  of  elevator 

0 

angle  of  pitch  attitude 

SPECIAL  SPEEDS 

BUT? 

ICE3 

VTD 

target  touchdown  speed 

e 

equilibrium  condition 

VAT 

target  threshold  speed 

0 

initial  condition 

V 

AFP 

target  approach  speed 

D 

demanded  condition 

a 

a typical  condition 

V. 

U 

stalling  speed  from  aerodynamic 
measurements 

1 INTRODUCTION 

RAE  are  currently  investigating  steep' gradient  aviation  using  a prop- jet  transport  aircraft,  an 
executive  jet  and,  later  this  year,  a large  jet  airliner.  The  object  of  the  programme  is  not  only  to 
collate  statistics  and  pilot  opinions  but  to  derive  and  record  suitable  control  strategies  for  steep 
gradient  approaches.  7/ith  nearly  2000  landings  already  completed  the  analysis  presents  a problem. 

'Spot  values'  such  ns,  maximum  g in  the  flare  are  easy  enough  to  handle  statistica  11;/  and  do  provide  some 
useful  data.  But  the  crucial  problem  of  the  analysis  is  to  find  representative  'good'  landings  and 
identify  the  underlying  piloting  strategy.  This  problem  can  only  be  solved  by  studying  and  understanding 
the  complete  combination  of  pilot,  controls  and  response  of  the  aircraft  to  control  inputs.  There  nr c 
two  fundamentally  different  ways  in  which  one  might  expect  the  aircraft  to  be  controlled  during  the  landing 
manoeuvre.  Cne  is  to  visualize  the  pilot  as  a continuously  operating  automatic  controller-,  closing  a 
relatively  tight  feed-back  loop.  The  other  is  to  view  the  operation  as  an  essentially  open-loop,  ie  as  a 
precogrdtive , wherein  the  pilot  uses  relatively  infrequent  (in  extreme,  only  one)  simple  step  type  inputs 
or  programmed  control  sequences  which  experience  has  taught  him  leads  to  the  desired  end  result,  Cf  these 
concepts,  the  former  would  have  the  attraction  of  having  available  for  analysis  a rigorous  theoretical 
framework,  that  of  automatic  control  theory.  Although  modelling  the  human  pilot  as  a servo-controller  has 
led  to  useful  results  in  many  areas  of  aircraft  control,  notably  when  the  tracking  of  moving  targets  has 
been  involved,  the  analysis  of  manual  landing  control  has  so  far  defied  this  uppronch.  This  is  perhaps  an 
indication  that  the  pilot  controls  the  prepara tory  phase  and  even  part  of  the  flare  in  open-loop  fashion. 
However  strongly  intuition  may  attract  one  to  this  view,  the  systematic  study  of  open-loop  control  has 
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always  been  frustrated  by  lack  of  a suitable  theoretical  concept.  Traditionally  tho  analysis  of  such 
situations  has  been  restricted  simply  to  visual  inspection  of  flight  records  without  any  coordinating 
principles. 

In  this  paper  a method  of  graphically  presenting  landing  records  is  given  which  it  in  hoped  will 
materially  assist  in  this  purpose.  By  expressing  the  pilot's  longitudinal  control  activity  as  equivalent 
speed  and  climb  rate  demands  it  is  shown  to  be  possible  to  plot  simultaneously  the  actual  aircraft  motion 
and  the  control  strategy  against  the  performance  chart  us  a reference  grid.  The  interpretation  and  analy- 
sis of  tiie  data  presented  in  this  form  is  further  nldod  by  the  fuct  that,  if  a particular  scaling  is  chosen, 
the  open-loop  response  to  simple  control  inputs  traces  out  simple  geometrical  patterns  such  as  circular  arcs. 

Examples  will  be  given  of  flight  data  principally  of  the  H3  125  in  non.ial  steep  and  two-.eegmcnt 
approaches. 

2 FRESEHTATIO!,'  OF  DATA 

Although  the  technique  put  forvard  in  this  paper  is  simple  to  use  numerically,  a number  of  unfamiliar 
concepts  are  involved.  These  concepts  are  discussed  in  this  section  and  then  tested  experimen tally  for  a 
controls-fixed  phugoid,  which  it  is  suggested  is  the  principal  response  made  relevant  to  flares,  before 
dealin/  with  real  lundings. 

2.1  FE7FCEliiAj.CE  CHARTS  Al.D  EQUILIBRIUM  STATES 


The  essence  of  the  proposed  method  of  landing  control  analysis  rests  on  the  observation  that  it  is 
possible  to  map  the  time  history  of  a landing  manoeuvre  onto  the  H - V plane,  ie  in  the  plane  in  which  air- 
craft performance  data  are  also  presented.  By  suitable  simplifying  assumptions  it  is  also  possible  to  pre- 
sent in  the  same  diagram  the  pilot's  control  activity  in  ten/13  of  equivalent  performance  demands, 

A typical  performance  churt  i3  -hown  in  Fig  1,  where  steady  state  flight  path  angle  y is  plotted  against 
airspeed,  with  incidence  a and  throttle  setting  as  parameters.  In  addition  a number  of  conditions  of  special 
relevance  to  landing  control  are  indicated,  namely  : 


i. 

the 

ii. 

the 

iii. 

the 

i”. 

the 

V. 

the 

boundary  for  stick-shaker  operation 

target  threshold  speed  V/T  (here,  = 1.3  Va) 

3°  glide  slope 

approach  .".peed,  which  equals  V.^,  + 10  knots  in  this  case 
target  touchdown  speed  usually  V.^,  - 10  knots. 


In  practice  the  numerical  data  will  be  influenced  by  such  parameters  as  aircraft  weight,  altitude  and 
outside  air  temperature.  Each  point  in  this  chart  uniquely  defines  an  equilibrium  flight  condition  which 
will  establish  itself  for  a given  control  setting,  ie  for  a given  combination  of  throttle  and  elevator  angle. 
The  latter  control  parameter  is  here  represented  by  the  equivalent  angle  of  incidence  a.  One  advantage  of 
this  device  is  that  it  removes  CG  position  as  a variable.  Hence  we  can  interpret  each  point  on  this  chart 
either  a3  an  actual  equilibrium  flight  condition  He,  Ve  or  as  a demanded  flight  condition  H_,  Vp  defined  by 
the  associated  control  state  (a,  throttle). 

If  at  a given  instant  in  time  the  actual  flight  state  and  the  control  demand  state  coincide  the  aircraft 
is  in  steady  equilibrium  and  will  remain  in  this  condition,  ie  it  will  continue  on  the  existing  glide  path 
angle  y0  and  at  the  existing  speed  Vq.  If  the  controls  are  moved  away  from  this  equilibrium  state  there  will 
now  exist  a difference  between  the  actual  flight  state  and  the  demanded  equilibrium  state.  The  flight  condi- 
tion cannot  remain  steady  and  the  aircraft  will  tip/  to  acquire  the  new  demanded  state.  In  the  next  section 
we  3hall  show  that  the  natural  aircraft  response  to  such  a demand  - ignoring  the  short  period  pitching  mode 
as  a closed  inner  loop  - takes  effect  via  the  phugoid  mode  and  that  the  response  can  be  mapped  onto  the 
H - V plane  as  the  simplest  possible  geometric  shape,  namely  a circle.  This  feature  will  be  utilised  as  the 
central  principle  for  the  analysis  or  synthesis  of  landing  flare  manoeuvres. 

2.2  RESPONSE  TO  DISTURBANCES  FROM  EQUILIBRIUM 

Ignoring  the  pitch  oscillation  as  an  inner  loop  by  restricting  the  discussion 
response,  the  aircraft  longitudinal  motion  i3  defined  by  the  two  equations’* 

mV  = T cos  a - D - mg  sin  y 

mVy  = T sin  a + L - mg  cos  y 

In  steady  flight  with  V = y = 0 we  obtain  equilibrium  from 

0 = T0  cos  ag  - Dg  - mg  sin  y0  (3) 

0 = Tg  sin  ag  + Lg  - mg  cos  y0  . (4) 

Subtracting  (3)  and  (4)  from  (l)  and  (2)  and  linearizing  for  small  displacements  and  restricting  the  analysis 
to  anall  y,  we  obtain  the  differential  equations 

V = g(ye  - y)  - (De/m)(2AVAe) 


to  medium  and  long  term 

(1) 

(2) 
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V;  • (Le/m)(2AVAe) 

where  SV  • V - V . Substituting  H = Vy  and  L /m  $ g we  get 

v = (cAe)(l’ie  - H)  - 2(g/Ve)(cj/CL)(v  - Ve)  (5) 

H = 2(e/V,)(V  - Ve)  . (C) 

These  equations  define  the  small  perturbation  response  in  H and  V of  the  aircraft  disturbed  from  an 
equilibrium  state  (V#,  ft  ).  This  equilibrium  state  is  of  course  identical  to  the  domanded  flight  state 
Vp  and  Yp  defined  in  the  previous  section.  The  solution  of  equations  (j)-(6)  is  the  phugoid,  ie  a 
periodic  and  normally  damped  oscillation  in  ft  and  V.  The  amplitude  of  H is  equal  to  times  that  of  V, 
and  ft  lags  V by  approximately  1/4  period  as  shorn  in  Fig  2,  This  mode  maps  onto  the  H - V plane  as  a 
spiral  centred  on  He,  V-  as  the  equilibrium  state  if  the  scale  arc  so  chosen  that  unit3  in  and  (V) 

are  equal.  If  in  equation  (5)  thetdrng  terms  are  ignored,  the  result  simplifies  to  an  undamped  sinusoid 
which  projects  as  a circle  in  the  H - V plane.  In  the  application  to  the  analysis  of  the  landing  flare 
manoeuvre  we  shall  find  that  one  is  only  interested  in  response  corresponding  to  less  than  1/4  of  a 
phugoid  period.  If  the  method  is  used  for  a qualitative  analysis,  the  circle  can  then  be  taken  as  an 
adequate  approximation  to  the  spiral  and  hence  to  the  true  response.  For  more  accurate  work  and/or  when 
dealing  with  an  exceptionally  well  damped  phugoid  a portion  of  the  relevant  spiral  ourht  to  be  used. 

'.Ye  have  already  r sen  in  section  2.1  that  it  is  possible  to  plot  in  the  H - V plane  the  actual  aircraft 
motion  state  II,  V and  by  regarding  elevator  (or  incidence)  and  throttle  position  as  the  equilibrium  perfor- 
mance He,  Ve,  we  can  show  equivalent  control  demands  also.  "Ie  shall  represent  the  former  by  the  symbol  A 
and  the  latter  by  the  symbol  X It  is  obvious  that  if  the  demand  X and  actual  state  # coincide  the  aircraft 
is  in  steady  equilibrium  flight  and  will  remain  so  until  disturbed.  The  time  history  collapses  into  a 
point.  However  if  at  any  instant  in  time,  control  demands  do  not  coincide  with  the  actual  flight  state  - 
say  as  a result  of  the  pilot's  elevator  or, throttle  movements  - the  aircraft  wilj  respond  in  such  a way 
that  the  response  follows  a spiral  in  the  H - V plane,  the  initial  flight  3tate  Hq.  Vq  forming  the  initial 
condition  of  the  spiral  which  centres  on  the  demanded  state  ftp,  Vp. 

2.3  RESPONSE  TO  CONTROL  DEMANDS 

We  shall  now  consider  the  effects  of  some  basic  control  inputs. 

i.  Elevator  control.  We  have  indicated  that  elevator  control  can  be  equated  with  a demanded 
incidence  a and  this  in  turn  equates  with  a speed, demand  Vp.  Fig  3a  illustrates  the  case  when  the 
aircraft  was  originally  in  equilibrium  flight  at  Hp,  V0  and  the  pilot  now  applies  a step  demand  in 
aft  elevator,  ie  a demand  for  a speed  reduction  to  Vp.  An  approximation  to  the  aircraft  response  is 
obtained  by  drawing  a circle  centred  on  ftp,  as  the  new  equilibrium  state  and  passing  through  ftp,  Vp 
the  initial  flight  path  state.  We  observe  that,  as  expected  the  initial  response  is  an  increase  in 
climb  rate  which  then  leads  to  a speed  reduction,  It  will  be  noted  that  the  speed  demand  (strictly  a 
demand)  also  involves  a small  change  in  Hp  since  we  must  follow  a locus  of  constant  throttle  in  the 
performance  chart,  Fig  1. 

ii.  Throttle  control.  The  throttle  controls  vertical  velocity  us  an  equilibrium  state  and  the 
response  to  a throttle  reduction  will  therefore  appear  as  in  Fig  3b,  ie  as  an  initiul  speed  reduction 
followed  by  an  increase  in  sink  rate  or  a reduction  in  climb  rate, 

iii.  Simultaneous  throttle  and  elevator  control.  If  the  two  control  demands  considered  above  are 
combined  the  response  in  Fig  3c  results,  combining  of  course  the  features  of  the  responses  considered 
individually  above. 

One  of  the  disadvantages  of  this  presentation  is  that  by  plotting  II  against  V,  time  has  been  lost  as  a 
parameter,  which  may  be  reintroduced  by  marking  a time  scale  against  the  motion  trace.  In  this  context  it 
i3  useful  to  consider  that  equal  time  intervals  are  associated  with  equal  rotation  angles  and  that  a full 
revolution  clearly  corresponds  to  a full  phugoid  period  or  90°  to  1/4  phugoid  period,  "he  phugoid  period 
itself  will  be  a function  of  airspeed  and  a very  crude  approximation^  is  to  take  the  airspeed  in  miles  per 
hour  and  divide  by  five  to  obtain  the  period  in  seconds. 

So  far  we  have  considered  simple,  step  demands  in  control  and  it  was  shown  that  these  lead  to  responses 
which  map  particularly  simply  in  the  H - V plane,  ideally  to  sections  of  a circle,  "'e  shall  al3o  be  inter- 
ested in  situations  when  control  is  changed  continuously,  ie  the  general  case  when  both  Hc  and  Ve  are  them- 
selves functions  of  time  and  trace  out  a line  in  the  ft  - V plane.  The  concepts  developed  can  still  be  used 
if  we  build  the  response  in  a 3tep-by-step  procedure,  say  for  example  at  intervals  of  one  second.  Fig  4 
gives  an  example  for  an  aircraft  with  a phugoid  of  30  second  period,  when  one  second  corresponds  to  12° 
rotation,  damping  being  allowed  for  by  the  use  of  right-angled  triangles  instead  of  arcs.  It  is  quite 
obvious  that  when  control  is  changed  continuously  the  present  method  becomes  less  attractive  than  in  situa- 
tions where  the  pilot  applies  control  in  a few  discrete  steps. 

It  should  be  noted  that  this  method  is  equally  suitable  for  synthesis  and  analysis  of  1 unding  monocuvres. 
It  can  be  used  to  identify  pilot  control  strategy  in  actual  landings  and  judge  their  usefulness  and  efficiency. 
On  the  other  hand  it  can  be  used  to  derive  theoretically  control  strategies  which  lead  to  a desired  result. 

2.4  RESPONSE  TC  GUSTS 

The  aircraft  motion  is  not  only  changed  by  the  pilot's  control  activity,  but  it  may  also  be  affected  by 
gusts  apd  wind  shears.  It  would  be  interesting  to  see  how  gust3  will.affect  the  trajectory  of  aircraft  motion 
in  the  H - V plane.  So  fur  we  have  noted  that  the  trajectory  in  the  ft  - V plane  of  the  aircraft  flight  state 
affected  only  by  pilot  control  is  continuous  and  progressive.  Steps  in  control  applied  lead  only  to  step 
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slope  chnngos  in  ai  rcmf't  response,  io  discontinuous  slopes,  Gust:;  on  tho  othor  hand  appear  an  jumps  in 
tho  aircraft  stato  locus  nrul  arc  therefore  easy  to  recognise, 

A ouldon  foro  and  aft  cast  will  chance  tho  uirapoed  by  an  equivalent  amount  and  if  pilot  control  is 
not  chanced  at  tli-  camo  time  we  pet  u response  as  illustrated  in  Kip  rji,  "’ind  slioar  can  be  represented 
similarly  an  a chnnpo  in  the  foro  and  aft  wind  component,  normally  of  courso  as  a reduction  of  airspeed. 

The  representation  of  vortical  /jasts  requires  some  caution  as  the  result  depends  on  the  chosen 
reference  frame.  In  fli^it  testing  we  will  normally  derive  flight  path  anple  y and  hence  H from  measure- 
ments of  a and  0,  The  flight  path  angl^  so  derived  in  thus  related  to  the  air  and  not  to  space  (The 
answer  would  obviously  be  different  if  II  were  measured  directly  with  reference  to  the  ground,  say  from  a 
radio  altimeter  or  by  kino-lheodollte;;) . In  the  former  case  an  up-pust  would  cause  an  apparent  dive  and 
the  response  would  then  f.pnear  as  in  Pip  'jb.  The  demanded  state  would  here  remain  unchanged.  In  a 
space  oriented  reference  frame,  on  the  other  hand,  the  equilibrium  response  to  an  uppust  would  be  an 
increase  in  climb  rate,  tho  gust  would  cause  an  apparent  change  in  demand. 

2 .5  FLIGHT  RSGULT. 

The  method  advanced  in  this  paper  is  intended  primarily  to  assist  in  the  analysis  of  flight  records 
of  landing  manoeuvres.  Above  we  iiave  3hown  by  theoretical  argument  that  aircraft  response  and  control 
inputs  can  be  uniquely  related  in  this  presentation.  To  demonstrate  that  the  ideas  developed  there  do  in 
fact  conform  to  real  life,  in  Fig  6 two  manoeuvres  recorded  on  the  Ilf  125  are  presented.  One  is  a phugoid 
which  is  seen  to  truce  out  the  expected  spiral  converging  on  He  = 0 and  Ve  = 114.5  knots  as  the  equili- 
brium condition.  The  other  is  a response  to  a step  elevator  (incidence  or  speed  demand)  demand  which  again 
is  seen  to  trace  out  the  initial  portion  of  the  spiral.  It  will  be  noted  that  this  manoeuvre  was  rather 
extreme  as  the  demanded  incidence  was  beyond  the  stick  shaker  limit  throughout.  The  aim  of  that  particular 
manoeuvre  was  to  find  the  limiting  response  which  would  give  a period  of  near-level  flight.  This  represents 
the  hardest  flare  possible  at  the  moat  extreme  throttle  setting  and  as  expected  lies  at  lower  speeds  than 
the  target  threshold  speed  V.„. 
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The  method  outlined  above  has  been  leveloned  in  the  courso  of  a programme  of  flight  tests  dedicated  to 
the  exploration  of  steep  approach  landing  techniques.  The  aircraft  used  for  the  work  discussed  here  is  the 
HA  125,  an  executive-type  two-engined  jet.  The  name  aircraft  was  also  simulated  on  the  Aero  Flight  simula- 
tor at  Bedford  and  occasionally  reference  will  be  made  to  experience  gained  in  this  exercise.  Three  differ- 
ent landin  ; tccliniques  were  tried,  steep  approaches  from  about  7°  terminated  by  a single  flare,  normal 
approaches  and  finally  two  segment  flares  from  a steep  initial  approach.  Some  of  the  results  from  these 
tests  will  now  be  discussed. 

3.1  GTE5F  APHiC/CHSG,  US  125 

The  programme  of  flying  at  7AE  Bedford  has  shown  that,  contrary  to  initial  doubts,  the  HS  125  can  be 
safely  lunded  from  a stoeo  gradient  approach.  Tents  were  first  made  to  establish  the  steepest  glideslope 
that  could  be  achieved  in  steady  flight  with  idle  thrust.  This  turned  out  to  be  about  9°.  Then  the  pilot 
was  asked  to  find  the  steepest  practical  glide  slope  which  allowed  speed  to  be  comfortably  controlled  and 
tho  aircraft  to  be  landed  without  unusual  skill.  From  this  test  a 7°  glide  path  was  selected  as  the  steepest 
feasible  approach  and  a number  of  landings  were  made  from  a 7°  glide  path  defined  by  VAGI  (visual  approach 
slope  indicator  guidance*.  Fig  7 shows  the  results  from  seven  landings  of  one  flight  in  the  programme  a3 
the  envelope  of  all  data  including  part  of  the  glide  path.  The  trace  of  one  particular  landing  is  shown  in 
detail.  The  envelope  of  data  showed  touchdown  speeds  in  excess  of  105  knots  compared  with  a target  threshold 
speed  V-tf  of  about  110  toots  SAG.  The  approach  values  of  airspeed  and  vertical  velocity  fall  into  a region 
roughly  circular  in  form  (phugoid  mode)  less  than  5 knots  in  diameter  centred  on  a speed  lower  than  120  knots 
(Vygj  + 10).  Presumably  this  reflects  instrument  eri-ors,  position  errors,  etc. 

Cne  landing  is  analysed  more  fully, in  Fig  "a  with  points  plotted  at  one  second  intervals.  The  dots 
indicate  tire  actual  motion  in  terms  of  I!  versus  speed  and  the  crosses  represent  the  corresponding  control 
inputs  expressed  as  equivalent  speed  and  K demands.  Although  in  this  particular  example  the  lecii  of  these 
demanded  flight  states  moved  progressively  from  right  to  left,  in  general  it  was  found  necessary  to  number 
the  points  to  keep  track  of  the  fluctuations  especially  in  incidence,  f’r  the  glide  path  tire  motion  locus 
and  demanded  locus  form  an  incoherent  jumble  of  points  and  it  is  difficult  to  uniouely  define  the  start  of 
flare.  However  the  point  labelled  • 1 • representing  a distinct  reduction  of  throttle  is  taken  ns  an  indica- 
tion of  preparin'-  to  flare.  Using  the  stick  only  for  the  rest  of  the  landing  tire  motion  traces  approximately 
a straight  line  on  the  H - V plane  rather  than  the  circular  arc  expected  from  a step  demand  of  incidence. 

Thin  i of  course  duo  to  the  fact  that  the  stick  and  hence  speed  demand  is  moved  progressively  during  the 
manoeuvre.  A curve  constructed  by  drawing  segments  of  one  seconl  ( = 12°)  centred  at  the  appropriate  control 
inputs  is  seen  tc  give  a good  reproduction  of  the  original  measured  motion  plot,  provided  allowance  is  made 
for  damping  (ie  spii-al  is  used  rather  than  circle).  The  touchdown  srecd  in  this  landing  v:as  10r  knots,  against 

a target  of  100  knots,  and  from  this  envelope  of  data  it  is  seen  that  all  landings  in  this  group  terminated 

with  excess  velocity.  It  seems  worth  speculating  what  changes  in  the  technique  would  be  required  to  reduce 
the  touch lonn  speed  to  the  value  achieved  in  normal  approaches,  ie  V/gp  - 10  knots  = 100  knots,  in  the  interest 

of  constraining  the  ground  run  and  avoidin.  'floating'  . In  Fig  8b  flare  manoeuvres  are  synthesised  which 

would  bring  the  aircraft  to  the  desired  touchdown  condition,  100  toots,  from  approaches  on  3°,  5°  and  7° 
glide  slope.  The  same  initial  approach  speed  is  assumed  in  each  case.  Tho  landing  manoeuvre  is  divided  into 
two  stages,  firat  speed  is  bled  of!'  -without  chan  in-  the  glide  path  and  when  the  appropriate  point  is  reached 
a flare  is  initiated  by  elevator  controlling  incidence  in  the  same  form  as  previously  measured.  In  the  case 
of  a 7°  approac)  , speeds  in  tire  flare  are  thereby  lowered  by  n toots.  It  is  apparent  that  - other  than, 
starting  from  an  appropriately  lower  approach  speed  in  the  first  place  - this  is  the  only  strate,y  which  will 
produce  touchdo'.m  at  the  desired  speed.  Cne  may  in  fact  ask  the  question  why  the  pilot  did  not  do  this  as  he 
■was  free  to  do  so,  being  given  an  entirely  free  hand  in  briefing.  The  calculation  of  Fig  8b  gives  the  answer. 
In  each  case  the  manoeuvre  is  initiated  by  a thrust  reduction  to  the  level  chosen  by  the  pilot  in  the  actual 
flight  case.  This  is  apparently  the  lowest  throttle  sotting  that  the  pilot  was  prepared  to  use  since  further 


reductions  to  full  idle  would  brine  the  engine  into  a reeime  of  poor  response  say  for  overshoot  needs  and 
also  there  would  be  no  margins  for  further  control  if  the  need  arose,  (it  may  be  noted  that  in  foot  full 
idling  thrust  is  only  marclnally  lower  so  that  the  actual  overall  performance  is  not  too  strongly  affected 
by  this  limitation).  Vv'o  see  now  from  Fig  8b  tliat  on  the  7°  slope  the  available  deceleration  is  so  poor 
that  the  manoeuvre  has  to  be  initiated  at  620  feet  altitude  so  that  speed  is  sufficiently  reduced  for  a 
flaro  starting  from  120  feet  to  bring  the  airoraft  to  the  desired  touchdown.  This  situation  rapidly  improves 
with  the  less  steep  approaches  bcoauso  now  substantially  more  deceleration  is  obtained  upon  throttle  closure. 
As  a result  the  manoeuvre  may  be  initiated  at  a much  more  realistic  altitude,  namely  at  210  feet  from  a 5° 
approach  and  at  96  feet  firm  a 3°  approach.  Note  that  the  peak  incidence  required  for  these  hypothetical 
manoeuvres  corresponds  to  a domnnded  speed  4'I>  knots  lower  than  the  touchdown  speed,  ie  95v  knots  and  that  a 
further  increase  in  incidence  by  1°  would  have  triggered  the  stick  shaker!  Incidence  margins  are  important 
in  this  situation  and  what  appears  „uperfioially  to  be  a perfectly  satisfactory  technique  clearly  needs 
further  study. 

3.2  NORMAL  3°  APPROACHES  AND  LANDINGS 

Fig  9 shows  the  results  from  a sample  of  14  normal  landings  from  a 3°  approaoh  again  represented  83  a 
data  envelope.  These  landings  were  made  before  the  steep  approach  trials.  One  notes  clearly  substantial 
differences  from  the  steep  approach  data.  The  area  representing  glide  slope  holding  is  larger  as  seen  by 
the  'head'  of  the  envelope  but  this  is  attributed  to  the  wider  pilot  sample  used.  The  'body'  of  the  envelope 
slopes  a good  deal  less  than  with  the  7°  approaches.  Generally  there  is  greater  speed  variability.  In  Fig 
10a,  one  landing  is  shown  in  detail  and  is  seen  to  trace  out  a locus  approximating  a straight  line.  This  is 
quite  different  from  what  would  be  expected  if  the  pilot  had  followed  the  strategy  which  he  declared  he  would 
use  on  the  occasion  of  some  simulator  tests  of  the  same  aircraft.  There  he  stated  that  he  would  first  reduoe 
airspeed  and  then  initiate  the  flare.  The  oontrol  action  as  represented  by  the  three  groups  of  demand  loci, 
suggests  a flare  made  up  of  three  distinct  steps  and  an  approximate  reconstruction  is  shown  in  Fig  10b  which 
clearly  will  approximate  to  the  true  flight  record.  The  height  calculated  from  this  construction  for  flare 
initiation  is  98  feet  compared  to  height  actually  measured  in  flight  of  90  feet.  Had  this  pilot  followed  his 
declared  strategy  a height  of  231  feet  would  have  been  required  for  this  speed  reduction  phase  and  an  addi- 
tional 32  feet  for  the  flare,  taking  the  actual  throttle  setting  used  in  flight.  In  the  real  flight  case  at 
30  feet  altitude,  speed  was  reduced  by  only  3 knots.  If  power  is  reduced  at  flare  preparation  to  the  lower 
value  used  in  the  steop  approaches  as  in  the  calculated  oxam,  le  for  3°  clideslope  in  Fig  8b,  total  flare 
height  would  be  reduced  to  96  feet. 

The  motion  locus  in  Fig  10a  indicates  a degree  of  scatter  which  can  be  attributed  to  measurement  inac- 
curacies, gusts  and  short  period  transients,  and  similar  inaccuracies  may  occur  in  the  loci  of  equivalent 
control  demand.  (They  are  derived  from  measurements  of  a,  and  0),  A much  more  instructive  picture  is 
obtained  if  one  considers  the  motion  locus  and  the  input  demands  together  to  get  a better  appreciation  of 
the  broader  oontrol  strategy. 

3.3  T.,’0  SEGMENT  APPROACHES 

Two  examples  are  given  in  Fig  11  of  two  segment  approaches.  The  steep  segment  of  7°  inclination  is 
intersecting  a 3°  beam  at  a height  of  220  feet.  The  pilot  was  completely  free  to  choose  his  own  technique. 

In  the  first  example,  flight  21407,  the  manoeuvre  was  not  continued  to  touchdown,  the  interest  being  centred 
on  the  transition  between  the  segnents.  This  is  basically  a flare  without  ary  overshooting  of  the  3°  beam. 

Six  seconds  after  flare  initiation,  power  was  increased  and  speed  stabilized  after  another  4 seconds  on  the 
shallower  glide  slope,  9 knots  below  the  initial  approach  3peed.  ',71  th  an  autothrottle  available  a different 
story  may  emerge  but  in  manual  operation  it  seems  expedient  to  accept  a reduced  speed  in  the  second  segment, 
as  demonstrated  in  this  example.  Other  significant  data  relevant  to  this  flight  are:  peak  normal  acceleration 
0,11  g,  the  3°  glide  slope  was  acquired  at  150  feet  height. 

The  second  example  from  the  same  flight  was  made  by  deliberately  maintaining  power  constant  to  demon- 
strate the  effect  of  either  a later  powe r demand  or  slow  engine  response.  This  landing  wa3  completed  to 
touchdown.  Beginning  with  130  knots  ASI  the  transition  is  similar  to  that  of  the  previous  example  but  on 
the  3°  glide  slope,  speed  then  falls  at  e rote  of  somewhat  less  than  1 knot  per  second,  arriving  at  tl* 
threshold  with  the  correct  speed.  During  the  course  of  this  flight  weight  decreased  and  as  a result,  for 
the  same  procedure,  speed  decreased  too  rapidly  and  overshoots  were  initiated. 

The  third  example  show,  in  Fig  11  was  obtained  with  a Hunter  aircraft  (u  single  engined  jet  fighter)  on 
a two  segment  guidance  system  starting  with  a 6°  initial  slope  intersecting  a 3°  slope  at  100  feet  altitude. 

In  fact  the  3 glide  3lope  was  of  little  practical  value,  as  it  was  generated  by  a VASI  located  too  far  to 
the  left  of  the  runway  for  close  pilot  g-uidanoe. 

The  procedure  is  to  use  the  first  colour  change  of  the  VASI  beams  defining  the  3°  slope  as  a warning  of 
the  approaching  change  of  glide  slope.  The  next  change  is  used  as  a signal  to  flare,  heading  for  the  glide 
path  origin  which  must  be  clearly  marked,  finally  flaring  to  touchdown  within  1000  feet  of  the  glide  path 
origin.  The  approach  speed  used  is  Vyj  + 10  knots  and  the  transition  and  initial  flare  is  made  at  the 
throttle  setting  appropriate  to  the  steep  glide  path.  As  Fig  11  shows  15  knots  of  speed  is  lost  which  allows 
the  pilot  a margin  of  control  to  0I030  the  throttle  before  touchdown.  Pilot  opinion  of  this  form  of  landing 
from  a steep  gradient  approach  is  more  favourable  than  a single  flare  procedure  and  this  technique  is  being 
investigated  further. 

4 CONCLUSIONS 

A method  of  data  presentation  has  been  proposed  which  allows  three  different  aspects  of  landing  control 
to  be  shown  and  correlated.  In  a reference  frame  of  V as  the  abscissa  and  H as  the  ordinate  it  is  possible 
to  present 

i.  the  steady  state  performance 


ii.  the  actual  time  history  of  a landing  manoeuvre 
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ill.  the  pilot' a control  strategy  in  torms  of  equivalent  demands  in  airspeed  (elevator  or  incidence) 
and  vertical  velocity  (throttle). 

By  choosing  scales  such  that  (H//2)  and  V are  plotted  in  equal  units,  the  aircruft  response  to  step  demundn 
in  either  control  traces  out  simple  geometric  patterns  as  a trajectory  and  this  property  oan  be  used  to 
rationalize  analysis  as  well  no  for  the  synthesis  of  landing  manoeuvres. 

The  method  has  beon  applied  to  the  discussion  of  some  flight  results  obtained  in  trials  of  normal  and 
steep  approaches.  For  the  lutter,  both  single  flare  and  two-segment  techniques  have  been  exumined.  Various 
significant  aspects  have  been  identified  as  subjects  for  further  investigation,  especially  power  margins  and 
target  speeds. 
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Fig.9  Normal  landings  compared  to  steep  approaches 
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SUMMARY 

A review  of  the  factors  which  affect  stability  and  control  harmonv  in  approach  and  landing  has  been  made  to  obtain  a clearer 
understanding  of  the  proper  relationship,  the  trade  offs  involved,  and  to  show  how  limits  in  stability  and  control  harmony  are  estab- 
lished for  advanced  aircraft.  Factors  which  influence  stability  and  control  harmony  include  the  longitudinal  short  period  response  of  the 
aircraft  and  the  level  of  stveral  pitch  control  characteristics  including  control  power,  control  sensitivity,  and  control  feel.  At  low  stabil- 
ity levels  for  advanced  aircraft,  less  conventional  control  techniques  such  as  DLC  are  needed  to  improve  harmony  and  some  form  of 
stability  augmentation  must  be  provided  to  improve  precession  of  flight  path  control  and  reduce  pilot  work  load. 

INTRODUCTION 

A proper  relationship  must  exist  between  the  degree  of  stability  present  and  the  amount  of  control  available  for  satisfactory 
operation  of  an  aircraft  throughout  its  flight  envelope.  Stability  and  control  are  said  to  be  in  harmony  when  an  aircraft  can  be  operated 
to  meet  its  design  performance  specifications  with  the  desired  precision  of  flight  path  control  and  minimum  pilot  ef.ort.  Aircraft  that 
inherently  have  large  stability  require  large  amounts  of  control  for  furmony  with  an  adverse  effect  on  performance. 

Stability  and  control  harmony  was  significant  even  in  the  early  days  of  flight.  Historic  aircraft  that  exemplify  the  importance  of 
stability  and  control  harmony  are  shown  in  figure  1 . In  an  excellent  summary  of  the  history  of  the  development  of  stability  and  control 
technology  (ref.  1),  it  was  noted  that  the  early  Otto  Lilienthal  gliders  were  designed  to  have  positive  static-longitudinal  stability,  but 
were  seriously  lacking  in  pitch  control  (provided  by  movement  of  the  pilot’s  body).  Because  of  the  lack  of  stability  and  control 
harmony,  Lilienthal  was  killed  in  an  accident  when  his  glider  was  upset  by  a gust.  The  Wright  Brothers,  on  the  other  hand,  deempha- 
sized  the  requirement  for  static  stability,  as  evidenced  by  their  tail-first  designs,  but  partially  overcame  the  lack  of  harmony  by 
providing  sufficient  control  power.  They  learned  tu  ily  their  unstable  aircraft  by  sacrificing  precision  of  control  and  tolerating  high  pilot 
workload.  In  a letter  of  1909  (long  after  their  initial  flights),  it  was  stated:  "The  difficulty  in  handling  our  machine  is  due  to  the  rudder 
(horizontal  tail)  being  in  front,  which  makes  it  hard  to  keep  on  a level  course.  If  you  want  to  climb,  you  must  first  give  the  front  rudder 
a larger  angle,  but  immediately  the  machine  begins  to  rise  you  must  reverse  the  rudder  and  give  a smaller  angle.  The  machine  is  always  in 
unstable  equilibrium.  I do  not  think  it  necessary  to  lengthen  the  machine  but  to  simply  put  the  rudder  behind  instead  of  before."  The 
early  aircraft  of  the  Wright  Brothers  was  in  a sense  an  early  control  configured  vehicle  (CCV)  without,  of  course,  the  benefit  of  a 
stability  control  augmentation  system  (SCAS). 

Recently,  increased  attention  has  been  focused  on  stability  and  control  harmony  in  the  design  of  high  performance  aircraft  such  as 
the  SST.  These  aircraft  must  be  more  concerned  with  obtaining  proper  stability  and  control  harmony  than  conventional  aircraft  because 
a mismatch  of  stability  and  control  can  have  a very  serious  effect  on  performance.  Stability  and  control  harmony  is  particularly 
important  in  approach  and  landing  because  stability  and  control  tend  to  deteriorate  at  low  speeds  and  the  greatest  demand  is  placed  on 
controlling  the  aircraft.  Although  harmony  is  needed  for  all  axes,  the  longitudinal  (pitch)  axis  is  usually  the  most  critical  because  acquir- 
ing and  tracking  the  glide  slope  and  adjustin',  pit  :h  attitude  for  touchdown  must  be  done  precisely  in  the  presence  of  wind  shear,  gusty 
air,  and  adverse  ground  effects.  A definition  of  stability  and  control  harmony  requirements  for  approach  and  landing  is  complicated 
because  many  interrelated  factors  affect  the  pie  ision  of  control  obtainable. 

The  handling  qualities  military  specifications  for  conventional  aircraf.  'ref.  2)  do  not  relate  the  amount  of  control  power  needed 
to  the  stability.  Only  lower  limits  are  specified  for  both  stability  and  control  and  there  is  no  direct  attempt  to  treat  stability  and  control 
harmony. 

This  paper  reviews  longitudinal  stability  and  control  harmony  in  approach  and  landing  to  obtain  a clearer  understanding  of  the 
proper  relationship,  the  tradeoffs  involved,  and  to  show  how  limits  in  stability  and  control  harmony  are  established  for  advanced  air- 
craft. Areas  of  interest  include  the  degree  of  negative  stability  allowable  and  the  associated  control  requirements  for  a carrier  fighter 
aircraft  and  an  SST  aircraft. 

RESULTS  AND  DISCUSSION 

In  the  following  discussion,  the  factors  that  influence  stability  and  control  harmony  in  approach  and  landing  are  reviewed 
first  - in  a general  sense,  to  show  how  the  level  of  stability  expressed  by  aircraft  dynamic  response  relates  to  pilot  opinion  and 
workload,  and  the  interrelationship  of  various  control  characteristics.  With  this  background  then  specific  harmony  problems  of  the  two 
types  of  aircraft  are  addressed. 

Factors  That  Influence  Stability  and  Control  Harmony 

Longitudinal  short-period  dynamics:  Advanced  aircraft  such  as  the  supersonic  transport  are  expected  to  be  designed  to  have  low 
levels  of  angle-of -attack  stability,  Ma.  Consequently,  their  short-period  dynamic  stability  will  be  weak.  Many  studies  have  examined  the 
effect  of  reduced  stability  on  precision  of  flight-path  control.  The  data  in  figure  2 summarize  pilot  comments  of  the  effects  of  variations 
in  dynamic  stability  with  damping.  This  information  (ref.  3),  obtained  in  a modern  (Jet  Star)  airborne  flight  simulator,  is  typical  of 
results  obtained  in  other  studies. 

Pilot  comments  indicate  that  the  aircraft  is  most  pleasant  to  fly  when  stability  levels  are  neither  too  high  nor  too  low  and 
sufficient  damping  is  available.  As  stability  is  decreased  it  becomes  more  difficult  to  trim  the  aircraft  to  a given  speed  or  attitude,  and 
pitch  response  divergences  require  continuous  pilot  concentration  to  avoid  complete  upset,  Increased  damping  helps  to  reduce  the 
magnitude  of  the  excursions,  and  even  unstable  modes  are  considered  safe,  but  not  desirable,  provided  there  is  sufficient  damping. 

The  manner  in  which  the  pilot  rating  varies  with  the  stability  parameter  for  various  levels  of  damping  is  shown  in  figure  3.  Note 
that  pilot  opinion  deteriorates  before  zero  stability  is  reached  regardless  of  the  amount  of  damping  present.  The  problem  arises  because 
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the  response  of  the  aircraft  is  too  sluggish  at  low  frequencies,  making  it  difficult  for  the  pilot  to  start  and  stop  pitch  attitude  changes 
with  the  desired  precision  because  of  his  inability  to  predict  the  final  response.  At  low  stability,  complaints  of  lack  of  damping  persist 
no  matter  how  much  damping  is  available.  The  fact  is  simply  that  the  pilot  is  unable  to  obtain  the  desired  aircraft  response  with  an 
acceptable  pilot  workload.  In  the  landing  approach  task,  the  effects  of  low  stability  appear  as  undesired  airspeed  or  engle-of  attack 
excursions. 

A stability  level  that  is  too  high  is  also  undesirable  because  of  the  tendency  of  the  aircraft  to  oscillate  in  pitch  at  frequencies  too 
fast  for  the  pilot  to  damp  adequately,  In  addition,  large  stability  requires  large  control  power  to  trim  and  maneuver  the  aircraft  up 
to  C|_max  - a condition  that  affects  the  performance  aspect  of  stability  and  control  harmony. 

Effect  of  stability  margins  on  tail  size:  One  of  the  primary  benefits  in  terms  of  performance  gains  in  relaxing  static  stability 
margins  is  that  less  horizontal  tail  area  is  needed  to  balance  the  wing-fuselage  pitching  moments.  A specific  example  for  a large  aircraft 
(B  52,  ref.  4)  is  shown  in  figure  4 where  the  required  horizontal  tail  area  is  plotted  as  a function  of  c.g.  location  for  the  landing 
condition.  Curves  for  trimming  the  wing-fuselage  pitching  moment  and  for  maneuvering  are  included.  Both  the  trim  and  maneuvering 
moment  requirements  are  sized  (largest)  for  the  flaps-down  configuration.  Also  shown  is  the  manner  in  which  neutral  point  and 
maneuver  point  varies  with  tail  area  and  c.g.  position.  The  neutral  point  is  defined  as  the  c.g.  location  where  the  stick  force  and  stick 
position  gradient  with  airspeed  are  zero;  the  maneuver  point  is  where  the  stick  force  per  g gradient  is  zero  ai  constant  airspeed. 

Note  that,  for  the  B-52  aircraft,  minimum  horizontal  tail  size  occurs  at  a c.g.  location  of  approximately  34%,  where  the  tail  load 
changes  to  an  up  load  for  more  rearward  c.g.  locations.  This  is  approximately  5%  aft  of  the  neutral  point  but  ahead  of  the  maneuver 
point.  For  comparison,  the  baseline  horizontal  tail  area  for  5%  inherent  stability  is  also  shown.  For  the  B-52  aircraft,  it  is  calculated  that 
the  reduced  tail  size  would  save  approximately  4000  lb  (8,880  N)  in  structural  weight,  which,  along  with  reduced  drag,  would  improve 
performance  considerably,  The  negative  static  stability  would,  of  course,  require  a SCAS  to  improve  handling  deficiencies  (harmony). 

Pitch  control  power:  Longitudinal  control  characteristics  play  an  important  part  in  achieving  stability  and  control  harmony  in 
approach  and  landing.  To  understand  the  control  requirements,  the  various  uses  of  pitch  control  are  addressed  first.  Pitch  control  in 
approach  and  landing  is  used  primarily  to  (1)  maneuver  the  aircraft  on  the  flight  path  and  flare  for  landing,  (2)  trim  out  the  moments 
when  speed  changes  are  made  and  maintain  a given  attitude  or  speed  when  power,  flaps,  gear,  etc.,  are  changed,  and  (3)  adjust  pitch 
attitude  to  compensate  for  gusts,  wind  shear,  ground  effect,  recirculation,  or  other  disturbances. 

The  amount  of  control  (control  power)  required  for  each  of  the  foregoing  varies  for  the  following  reasons:  First,  maneuvering 
control  requirements  depend  directly  on  how  rapidly  the  aircraft  must  be  rotated  for  the  most  critical  task.  For  example,  the  landing 
flare  is  made  gradually  (less  angular  acceleration)  for  a large  supersonic  transport  aircraft  in  a shallow  approach  compared  to  a STOL 
aircraft  in  a steep  approach.  Second,  the  pitch  trim  requirements  will  vary,  depending  on  the  aircraft  concept.  For  example,  the  trim 
moments  due  to  changes  in  engine  power,  forward  speed,  flap  deflection,  etc.,  a,  e markedly  different  for  a tilt-wing  STOL  aircraft  than 
for  a delta-wing  supersonic  transport.  Third,  the  control  required  to  offset  pitch  attitude  changes  induced  by  turbulence,  wind  shear, 
and  downwash  changes  are  also  configuration-dependent.  Finally,  the  effects  due  to  ground  proximity  differ  depending  on  the 
aerodynamic  configuration  (wing  aspect  ratio)  and  lift  coefficient  at  touchdown.  Changes  in  lift  and  pitching  moment  are  more 
pronounced  for  low-wing  aircraft  and  at  high  values  of  lift  coefficient. 

Effect  of  control  sensitivity:  Control  sensitivity  also  influences  the  pilot’s  impression  of  the  response  of  the  aircraft.  If  too  low 
(large  control  travel  for  a given  pitch  acceleration),  the  aircraft  will  appear  sluggish,  while  excessively  high  sensitivity  can  lead  to 
overcontrolling  tendencies.  Optimum  sensitivity  depends  on  the  amount  of  pitch  damping,  the  level  of  stability,  and  the  pilot's  task. 
Improvements  in  flight-path  control  for  the  low  stability  levels  are  expected  to  result  from  optimizing  control  sensitivity.  Early  studies 
(1966,  ref.  5)  of  the  effect  of  control  sensitivity  on  pilot  rating  in  landing  approach  for  various  levels  of  static  stability  are  illustrated  in 
figure  5 for  stable  and  unstable  short  period  frequencies.  These  results  show  two  points:  (1)  optimum  control  sensitivity  was  approxi- 
mately 0.3  rad/sec2 /in.  and  (2)  over  the  short  period  frequency  range  considered,  the  level  of  stability  had  only  a small  effect  on 
optimum  values  of  control  sensitivity.  In  these  studies  conducted  on  an  airborne  simulator,  satisfactory  pilot  ratings  were  obtained  even 
with  negative  stability  values.  In  a later  study  (ref.  6),  the  results  (fig.  6)  show  the  need  for  proportional  increases  in  control  sensitivity, 
with  increases  in  short  period  frequency.  In  these  tests,  pilots  were  allowed  to  select  a desirable  control  sensitivity  for  each  configura- 
tion (short  period  frequency).  The  tests  were  not  carried  far  enough  to  ascertain  if  increases  in  control  sensitivity  would  be  beneficial 
for  negative  stability  values.  The  pilot  comments  tended  to  illustrate  the  point,  however,  that  total  control  power  available  can  become 
a critical  factor  in  controlling  pitch  divergences.  Although  pilot  preference  for  lower  sensitivities  was  evident  in  keeping  with  the  loose 
response  dynamics  at  tlm  lower  frequencies,  they  complained  about  hitting  the  forward  stick  stop  and  "almost  losing  it,  once  it  got 
upset,"  when  not  enough  control  power  was  available,  regardless  of  the  selected  control  sensitivity. 

Effect  of  control  feel:  A further  point  in  connection  with  improving  aircraft  response  at  low  stability  levels  is  that  of  control  feel. 
The  effect  of  changing  control  feel  on  pilot  rating  in  the  region  where  poor  handling  qualities  exist  is  illustrated  in  figure  7.  These  data 
(ref.  3)  are  for  a test  case  of  good  pitch  damping  but  negative  static  stability.  Pilot  rating  was  not  highly  sensitive  to  variations  in  the 
control  feel  parameter  (pitch  angular  acceleration  per  unit  stick  force).  As  the  parameter  is  increased,  the  aircraft  becomes  too 
responsive  and  upset  problems  prevail.  At  the  other  extreme,  the  aircraft  is  too  sluggish,  and  the  pilot  has  difficulty  controlling  fast 
enough  to  provide  the  amount  of  compensation  (lead!  necessary  for  the  unstable  conditions.  Generally,  the  best  value  of  the  feel 
parameter  was  approximately  0,3  deg/sec2 /lb  and,  so  long  as  control  power  available  was  not  a limiting  factor,  the  pilot  ratings  were  in 
an  acceptable,  but  not  satisfactory,  range  for  the  negative  stability  region. 

From  the  foregoing,  since  pitch  control  requirements  depend  on  many  interrelated  factors,  it  is  not  possible  to  generalize  on 
control  harmony  for  all  stability  levels.  The  individual  requirements  for  each  type  aircraft  must  be  examined  in  detail  to  select  control 
characteristics  appropriate  to  the  aircraft's  dynamic  behavior,  keeping  in  mind  the  desire  for  the  least  performance  penalty. 

Considerations  for  Carrier  Aircraft 


One  of  the  more  demanding  tasks  which  illustrates  the  importance  of  stability  and  control  harmony  is  that  of  the  approach  and 
landing  on  an  aircraft  carrier.  High  precision  approach  and  touchdown  is  stressed  because  of  the  small  landing  area  and  the  need  to 
account  for  the  ship's  motions  in  rough  seas.  In  addition,  control  requirements  for  touchdown  differ  from  conventional  landings  in  that 
the  aircraft  is  not  flared  for  touchdown.  The  carrier  approach  and  landing  is  a precision  control  task  where  the  pilot  usually  uses  pitch 
control  to  make  altitude  adjustments.  The  stability  and  control  harmony  requirements  for  the  carrier  approach  task  can  be  examined  by 
the  short-period  response. 


Effect  of  short  period  dynamics:  It  was  noted  previously  that  the  pilot's  impression  of  aircraft  response  depends  on  the  short- 
period  frequency,  wn  and  pitch  damping.  In  addition,  studies  have  shown  that  in  the  approach  and  landing  task  the  change  in  normal 
acceleration  per  unit  change  in  angle  of  attack,  NZft  is  a parameter  that  influences  the  pilot's  Impression  of  flight-path  control.  The 
need  for  the  proper  relationship  of  these  parameters  is  reflected  by  the  summary  of  pilot  comments  in  figure  8.  This  information  was 
obtained  in  piloted  simulation  studies  (ref.  7)  for  the  carrier  approach  task  in  which  the  pilot  is  concerned  about  intercepting  and 
tracking  a 4°  flight  path.  As  last  minute  changes  in  flight-path  control  become  difficult  because  of  the  slow  response  of  the  aircraft  at 
low  stability  levels,  the  pilot  may  be  unable  to  simultaneously  adjust  his  sink  rate  at  touchdown  and  his  touchdown  point.  As  noted  in 
the  figure,  upper  and  lower  boundaries  exist  within  which  the  pilot  can  perform  the  task  to  his  satisfaction.  In  the  middle  area,  his 
comments  would  reflect  "good  harmony  between  pitch  and  meatball  (flight-path)  response."  At  the  reduced  stability  levels  (lower 
frequencies),  the  pilot  tenJs  to  overdrive  or  undercorrect  the  aircraft,  and  he  must  fly  with  greater  anticipation  of  the  final  response. 
When  NZq  values  fall  below  approximately  3g/rad,  flight-path  adjustments  are  difficult  to  achieve  by  pitching  the  aircraft  to  change 
wing  lift.  Further  improvements  in  flight-path  control  must  be  made  by  thrust  modulation,  thrust  vectoring,  or  by  direct  lift  control 
(DLC). 

Effect  of  DLC  An  example  that  illustrates  some  unique  control  problems  in  carrier  approach  landings  for  an  advanced  aircraft 
(F  14,  ref.  8)  is  shown  in  figure  9 in  terms  of  the  variation  of  pilot  rating  with  static  margin  for  several  control  modes.  Two  points  are 
evident  from  these  tests  conducted  on  a piloted  6°  motion  simulator:  (1)  pilot  rating  deteriorated  relatively  slowly  with  a decrease  in 
static  margin  and  (2)  regardless  of  static  margin,  a completely  satisfactory  rating  could  be  only  obtained  with  DLC.  Part  of  the  reason 
for  better  pilot  rating  with  DLC  is  that,  by  using  DLC,  the  undesirable  short  period  dynamics  were  not  excited  as  much.  In  effect,  the 
use  of  DLC  tends  to  uncouple  control  from  stability.  Requirements  for  quick  flight-path  response  were  accentuated  by  the  pitching  and 
heaving  motions  of  the  aircraft  carrier  in  simulating  rough  seas.  B/en  with  the  wing  swept  forward  on  the  F 14  (normal  for  landing),  a 
large  pitch  rotation  was  required  to  achieve  the  desired  “g"  value  in  correcting  for  a low  flight-path  position  that  created  cockpit 
visibility  problems  at  the  required  approach  speed.  When  DLC  was  used,  "low"  flight-path  corrections  could  be  made  with  less  nose-up 
aircraft  pitch  attitude  change.  Slightly  better  pilot  ratings  were  obtained  using  a separate  (thumb  wheel)  controller,  since  g and  pitch 
attitude  could  be  adjusted  independently. 

Considerations  for  SST  Aircraft 


For  the  SST  aircraft,  it  is  well  known  that  the  optimum  configuration  arrangement  for  good  supersonic  cruise  L/D  tends  to  place 
the  engine  nacelles  far  aft  on  the  wing.  This  could  create  severe  longitudinal  balance  problems  which  would  increase  structural  weight 
and  aerodynamic  drag  if  conventional  static  margins  were  used.  In  addition,  since  the  center  of  pressure  moves  aft  going  to  supersonic 
flight  speeds,  the  resultant  increase  in  longitudinal  static  stability  produces  a large  penalty  in  trim  drag.  Because  of  the  foregoing, 
supersonic  transport  aircraft  will  operate  with  the  c.g.  located  far  aft  of  that  commonly  accepted  for  conventional  subsonic  jet 
transports.  As  noted  previously,  as  the  static  margin  is  decreased  to  zero,  less  tail  area  is  needed  since  the  inherent  stability  of  the 
aircraft  need  not  be  overcome  when  maneuvering  or  changing  trim.  Control  during  the  approach  and  landing  flare  is  complicated  by  the 
sluggish  response  due  to  the  high-pitch  inertia  associated  with  the  long  slender  fuselage  configuration  and  the  low  short  period 
frequency.  These  conditions  result  in  unique  requirements  for  achieving  stability  and  control  harmony. 

Effect  of  lift  loss  due  to  control  deflection:  Early  studies  (see,  e.g.,  ref.  9)  predicted  increased  control  problems  for  the  supersonic 
transport,  depending  on  the  design,  because  of  the  initial  reversal  in  flight-path  response  following  a pitch  control  input.  This  effect 
(illustrated  in  fig.  10  in  terms  of  a time  history  of  altitude  change)  is  caused  by  the  instantaneous  lift  loss  due  to  pitch  control 
deflection  before  the  aircraft  rotates  to  a higher  angle  of  attack.  The  loss  of  total  lift,  which  can  be  relatively  large  for  short-coupled 
configurations,  tends  to  decrease  the  precision  of  flight-path  control  and  therefore  degrade  stability  and  control  harmony. 

The  pilot's  impression  of  aircraft  response  to  this  adverse  lift  loss  is  reflected  in  terms  of  "time  to  crossover"  (i.e.,  the  delay  in 
altitude  change)  in  figure  1 1 for  an  advanced  supersonic  transport  configuration.  The  data  indicate  a rapid  deterioration  in  pilot  rating 
with  an  increase  in  crossover  time.  The  low  NZq  for  the  SST  tends  to  prolong  the  sinking  effect  and  the  net  effect  is  that  the 
flight-path-angle  response  deteriorates.  In  fact,  the  more  the  pilot  attempts  to  "hurry  up"  pitch  response,  the  greater  is  the  altitude  loss. 

Control  power  requirements:  Studies  have  been  made  to  determine  the  minimum  amount  of  control  required  to  land  an  SST  in 
keeping  with  the  desire  to  minimize  performance  loss.  The  flare  control  requirements  are  the  most  demanding  because  of  a nose-down 
trim  change  due  to  ground  effect  and  the  adverse  lift  loss  due  to  control  deflection  previously  discussed.  The  relationship  between 
control  power  required  and  lift  loss  due  to  control  deflection  is  shown  in  figure  12.  The  control  power  boundary  selected  for  supersonic 
transport  configurations  was  established  from  piloted  simulator  tests  (ref.  10)  and  shows  that  considerably  less  pitch  control  power  is 
needed  when  lift  loss  due  to  pitch  control  deflection  is  low.  Comparison  of  data  for  current  conventional  transports  shows  a smaller  lift 
loss  and  a wide  scatter  in  control  power  available  for  a nearly  constant  value  of  A(L/W).  The  reason  for  the  large  spread  in  control 
requirements  for  the  various  conventional  aircraft  is  due  in  part  to  the  different  c.g.  ranges  over  which  they  are  designed  to  operate. 
Note  that  the  double-delta  (L-2000)  configuration  would  be  judged  unacceptable  by  this  criterion  and  even  the  B-70  and  Concorde  SST 
would  appear  marginal,  although  this  is  not  borne  out  by  pilot  opinion.  In  fact,  although  the  Concorde  SST  inherently  has  a large 
negative  AIL/W),  it  is  not  flown  in  a manner  that  requires  large  positive  pitch  angular  accelerations  when  approaching  the  ground.  Com- 
ments from  pilots  point  out  that  satisfactory  touchdowns  can  be  achieved  for  the  Concorde  with  zero  pitch  attitude  change  since  a 
nose-up  pitch  attitude  is  normal  in  landing  approach  for  this  aircraft.  The  nose-down  trim  change  due  to  ground  effect  must  be  coun- 
teracted, of  course,  by  increased  back  pressure  on  the  control  to  avoid  a hard  touchdown.  When  the  pilot  desires  to  make  a very  soft 
landing,  only  a 0.5  to  1 .0°  change  in  pitch  attitude  is  needed.  One  must  be  careful,  therefore,  in  generalizing  on  the  applicability  of  a 
control  power  boundary  to  all  types  of  aircraft  since  additional  factors  other  than  lift  loss  due  to  control  deflection  must  be  considered. 

Effect  of  minimum  control  power  on  touchdown  performance:  From  the  control  boundary  in  figure  12,  these  data  indicate  that 


very  low  pitch  control  power  may  be  acceptable  for  low  values  of  A(L/W).  Although  reduced  control  power  is  desirable  from  a 
structural  weight  standpoint,  the  tradeoff  in  reducing  control  power  can  be  reflected  in  terms  of  touchdown  performance.  Figure  13 
indicates  a general  deterioration  in  touchdown  performance  as  pitch  control  power  is  reduced.  Although  the  maximum  acceptable  sink 
rate  of  6 fps  (1.83  m/sec)  could  be  obtained  with  relatively  low  control  power,  it  should  be  appreciated  that  this  represents  a minimum 
below  which  structural  damage  to  the  aircraft  could  occur.  Also  two  additional  conditions  must  be  fulfilled  for  very  low  control  power 
to  be  acceptable:  (I)  little  or  no  lift  loss  due  to  pitch  control  deflection  is  necessary  and  (2)  no  stability  must  be  overcome  in 
maneuvering  (proper  stability  and  control  harmony). 
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Effect  of  approach  speed:  The  difficulty  of  obtaining  satisfactory  pitch  control  power  to  harmonize  with  various  stability  levels 
depends,  to  a large  degree,  on  the  value  of  approach  speed  (and  Cj_)  selected.  The  trend  is,  of  course,  to  reduce  approach  speed  in  the 
interest  of  improving  field  performance.  Two  effects  are  associated  with  a reduction  in  approach  speed:  (1)  decreased  dynamic  pressure 
directly  reduces  pitch  control  power  available  and  (2)  increased  C|_  (for  a constant  g)  results  in  larger  pitching  moment  and  lift  changes 
in  ground  effect  (more  adverse  ground  effect).  The  effects  of  changing  airspeed  on  the  control  requirements  for  a conventional  subsonic 
jet  transport  and  an  advanced  supersonic  transport  design  are  shown  in  figures  14  and  15.  Of  interest  are  such  factors  as  the  degree  of 
static  stability,  trim  changes  due  to  ground  proximity,  and  control  required  to  flare  (maneuver).  These  data  illustrate  two  significant 
points  for  the  conventional  transport:  (1)  available  control  power  is  appreciably  reduced  by  piloting  moment  changes  in  ground  effect 
and  (2)  airspeed  decreases  such  as  usually  occur  in  the  flare  seriously  erode  the  available  control  power.  Maneuvering  requirements 
represent  a much  smaller  percentage  of  the  total  control  power  required.  The  data  in  figure  15  for  a supersonic  transport  aircraft  show 
several  pronounced  dif'erences.  Because  the  aircraft  is  operated  without  a positive  static  margin,  changes  in  control  power  with  speed 
are  considerably  smaller;  in  fact,  instability  (pitch  up)  at  the  lower  speeds  results  in  a greater  margin  in  control  available  for  maneuver- 
ing. Ground  effect  is  more  pronounced  for  the  supersonic  transport  configuration  and  dominates  the  need  for  pitch  control  power.  This 
effect  is  accentuated  if  the  pilot  delays  making  a correction  for  the  nose-down  pitch  change  due  to  ground  effect  since,  as  previously 
noted,  it  is  not  possible  to  "speed  up"  the  nominally  sluggish  response  of  the  high  inertia  SST  before  touchdown. 

Acceptable  limits  of  instability:  As  previously  noted,  operation  with  negative  static  longitudinal  stability  is  possible  for  limited 
(emergency)  operation  and  the  question  arises  as  to  the  limits  of  instability  for  minimum  safe  operation.  The  degree  of  instability 
permissible  depends  on  many  interrelated  factors,  including  the  type  of  aircraft,  mission,  task,  degree  of  turbulence,  ground  effect, 
backside  of  thrust-required  curve,  pitch  damping,  etc. 

The  results  of  piloted  simulator  studies  of  a version  of  the  SST  are  given  in  figure  16,  in  terms  of  pilot  rating  versus  c.g.  position, 
including  the  effect  of  SAS.  These  data  indicate  that  with  SAS  off,  there  is  a rapid  degradation  in  pilot  rating  with  rearward  c.g. 
movement.  Operation  at  c.g.  locations  aft  of  the  maneuver  point  would  be  considered  unsafe  because  of  the  extremely  high  pilot 
workload.  With  the  type  of  SAS  used  in  these  tests  (rate  command,  attitude  hold),  the  aircraft  could  be  flown  acceptably  for  c.g. 
positions  past  the  maneuver  point.  The  tracking  performance  for  these  unstable  conditions  is  given  in  figure  17,  which  shows  flight-path 
error  as  a function  of  c.g.  position.  Without  the  use  of  SAS,  flight-path  tracking  deteriorates  rapidly  for  c.g.  positions  aft  of  the 
maneuver  point.  Although  not  shown  here,  pilot  workload  increases  considerably  from  indications  of  throttle  and  control  movements. 

Other  parameters  that  relate  to  pilot  opinion  in  controlling  an  unstable  aircraft  are  time  to  double  velocity  error,  T2y,  and  time  to 
double  angle  of  attack  T2a.  The  results  of  a SST  simulation  study  show  (fig.  18)  that  unsafe  operations  would  be  expected  for  times  to 
double  velocity  error  of  less  than  10  seconds.  Note  that  in  the  approach  speed  range  for  this  SST  configuration,  operation  is  on  the  back 
side  of  the  power  required  curve,  which  in  itself  can  contribute  to  a speed  instability  problem  (without  use  of  autothrottle).  In  these 
tests,  back-side  operation  results  in  a rather  long  time  constant  (approximately  50  sec)  and  would  be  difficult  for  the  pilot  to  detect  and 
would  be  considered  of  secondary  importance  to  his  workload  and  performance  problems. 

Of  concern  to  the  pilot  also  in  landing  approach  is  the  divergence  in  angle  of  attack.  Several  studies  have  been  conducted  to 
establish  safe  operational  limits  for  the  Concorde  class  supersonic  transport  using  T2a  to  indicate  acceptable  instability  limits  under 
conditions  that  represent  a multiple  (SAS)  failure  case.  Figure  19  shows  pilot  rating  versus  T2a  from  tests  on  a airborne  (in-flight) 
simulator  (ref.  1 1 ) and  flight  tests  of  the  Concorde  aircraft.  The  rapid  deterioration  in  pilot  rating  occurs  because  the  pilot  must  devote 
his  attention  to  attitude  control.  Note  that  periods  greater  than  approximately  6 sec  showed  no  significant  improvement  in  pilot  rating 
nor  was  a satisfactory  pilot  rating  ever  obtained  for  this  condition  (no  SAS). 

A more  detailed  study  of  instability  boundaries  for  airworthiness  considerations  of  the  Concorde  class  supersonic  transport  is 
contained  in  a NASA-Ames  study  (ref.  12)  conducted  on  a piloted  six-degree-of-freedom  motion  simulator.  The  results  are  in  general 
agreement  with  the  T2a  trends  previously  mentioned.  In  these  tests,  pitch  control  sensitivity  was  varied  to  provide  closer  harmony 
with  stability.  Although  a systematic  variation  of  pitch  control  sensitivity  was  not  made,  the  few  points  checked  did  not  show 
significant  improvement  in  pilot  rating.  In  effect,  the  pilot  did  not  set  the  limits  in  controlling  the  pitch  divergences  by  inability  to 
adjust  the  aircraft  response  to  produce  a given  a or  speed  change,  but  rather  by  the  increase  in  pilot  workload  that  accompanied  the 
increases  in  instability.  Even  large  increases  (five  times  normal)  in  pitch  damping  did  not  satisfactorily  improve  pilot  opinion  since,  in 
the  tests  conducted,  it  created  an  insidious  delay  in  divergence. 

CONCLUSIONS 

From  the  study  that  has  been  made  to  identify  factcrs  which  influence  longitudinal  stability  and  control  harmony  is  approach  and 
landing,  the  following  conclusions  have  been  reached: 

1 . Stability  and  control  harmony  exists  when  aircraft  response  is  such  that  flight  path  adjustments  can  be  precisely  made  with  low 
pilot  work  load  which  will  achieve  the  desired  sink  rate  at  touchdown,  and  the  smallest  overall  penalty  on  aircraft  performance. 

2.  Large  stability  margins  require  large  values  of  control  power  for  harmony  in  order  to  provide  trim  and  maneuver  capability 
throughout  the  angle  of  attack  range  up  to  CLmax.  Since  large  horizontal  tail  size  is  needed  to  provide  large  control  power,  the 
increased  structural  weight  and  aerodynamic  drag  have  adverse  effect  on  performance. 

3.  Relaxing  static  stability  margins  to  obtain  improved  overall  aircraft  performance  results  in  sluggish  short  period  dynamic 
response,  a condition  for  which  it  is  difficult  to  provide  harmony  regardless  of  the  amount  of  control  available.  The  pilot  is  unable  to 
start  and  stop  pitch  attitude  changes  with  the  desired  precision  because  of  his  inability  to  predict  the  final  response. 

4.  For  the  selected  level  of  stability  in  approach  and  landing,  particular  attention  must  be  given  to  obtain  satisfactory  longitudinal 
control  characteristics  in  terms  of  control  power,  control  sensitivity,  and  control  feel  to  achieve  harmony. 

5.  Because  pitch  control  requirements  depend  on  many  interrelated  factors,  it  is  not  possible  to  generalize  on  control  harmony  for 
all  stability  levels.  The  individual  requirements  for  each  type  aircraft  must  be  examined  in  detail  to  select  control  power,  sensitivity  and 
feel  appropriate  to  the  aircraft's  dynamic  behavior,  with  the  desire  for  the  least  performance  penalty  in  mind. 
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6.  Stability  and  control  harmony  Is  of  special  importance  in  approach  and  landing  aboard  a carrier  because  of  the  increased 
precision  required  to  land  on  a small  area  and  to  account  for  the  ship's  motion  in  rough  seas.  When  these  aircraft  require  low  static 
stability  to  achieve  design  performance  goals,  unconventional  control  techniques  such  as  DLC  can  be  used  to  advantage  with  the 
nominally  poor  (sluggish)  pitch  dynamics  associated  with  low  stability  margins. 

7.  Achieving  stability  and  control  harmony  for  SST  aircraft  is  more  complicated  due  to  the  sluggish  pitch  response,  high  pitch 
inertia,  and  low  short  period  frequency.  In  achieving  good  harmony,  attention  must  be  given  to  the  effect  of  lift  loss  due  to  control 
deflection  and  the  minin,  n amount  of  control  power  commensurate  with  obtaining  the  desired  sink  rate  at  touchdown. 

8.  The  effect  of  reducing  approach  speed  is  less  deleterious  for  advanced  SST  aircraft  compared  to  conventional  transports 
because  control  loss  is  less  and  more  maneuverability  is  retained.  The  lift  and  moment  changes  due  to  ground  effect  dominate  the 
control  requirements  for  ail  types  of  transport  aircraft  regardless  of  the  stability  margin. 

9.  Operation  with  negative  static  longitudinal  stability  is  possible  for  limited  (emergency)  operation  with  less  than  optimum 
harmony.  The  degree  of  instability  permissible  depends  on  many  interrelated  factors  including  the  task,  turbulence  intensity,  ground 
effect  characteristics,  pitch  damping,  etc.  Parameters  which  relate  to  pilot  opinion  in  controlling  an  unstable  aircraft  in  approach  and 
landing  are  time  to  double  velocity  error  and  time  to  double  angle  of  attack. 
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SUMMARY 

Consideration  to  given  to  ootno  of  the  factors  which  distinguish  the  longitudinal 
handling  qualities  of  STOL  aircraft  from  those  of  the  CTOL  cinaa  and  to  the  Influence  of 
these  differences  on  pilots'  opinions.  The  effects  of  wind,  wind-shear,  trim  speed, 
thrust  vector  Inclination,  speed  coupling,  pitch  characteristics  and  of  using  different 
control  technique  options  on  flight-path  control  are  discussed  briefly.  In-flight 
evaluations  of  variations  in  some  of  these  parameters  provided  a basis  for  assessing 
their  relative  importance  to  the  pilot  when  he  was  faced  with  a demanding  instrument 
approach  task. 

Control  of  pitch  proved  to  be  central  to  the  overall  flight-path  control  task 
and  the  more  easily  and  precisely  the  pilot  could  modulate  pitch,  the  more  adverse  the 
speed  coupling  effects  he  was  prepared  to  tolerate.  For  the  typical  unaugmented  stability 
characteristics  of  the  STOL  class  of  aircraft  exhibiting  small  modal  separation,  the 
handling  qualities  were  governed  by  the  overall  responses  to  control  and  disturbance 
inputs  rather  than  by  the  location  of  individual  roots  of  the  characteristic  equation. 

This  was  true  even  for  reasonable  short-period  characteristics  when  the  stiffness  and 
total  damping  of  the  short-term  mode  was  derived  to  a large  extent  from  the  derivative, 

Zw.  Atmospheric  turbulence,  wind  and* wind  shear  often  affected  the  control  task  signi- 
ficantly during  the  steep,  low-speed  approaches  evaluated. 
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Acceleration  constant  due  to  gravity,  ft/sec2 

Perturbations  in  height  and  rate  of  change  of  height,  ft,  ft/sec 
Pitching  acceleration,  rad/sec2/unit  subscript 
Perturbation  in  rate  of  pitch,  rad/sec 
Laplace's  transform  variable  1/sec 

Perturbations  in  linear  velocities  along  X and  Z axes,  ft/sec 
Linear  velocities  along  X and  Z axes,  ft/sec 

(i)  Principal  axis  system 

(ii)  Linear  accelerations  along  axes,  ft/sec2/unit  subscript 
Perturbation  in  angle  of  attack 

Ground  referenced  glide  slope 
Pitching  moment  controller’ 

Pilot's  elevator  control  displacement 
Pilot's  thrust  control  displacement 
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! 
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5 Damping  ratio  of  a second-order  linear  system 

0 Perturbation  In  pitch  attitude,  rad 

Zero  of  Eq  (1),  1/sec 

o)  Undamped  natural  frequency  of  a second-order  mode,  rad/sec 

Subscripts 
A Apparent 

o (1)  Fixed  operating  point,  (il)  Ground  referenced  quantity 

SP  Short  period 

ss  Steady  state 

W Wind 

1.0  INTRODUCTION 

The  trend  towards  Increased  airspeeds  during  the  landing  approach,  after  a 
steady  rise  to  the  plateau  utilized  for  current  conventional  jet  transports,  took  a 
deliberate  and  marked  reversal  for  the  STOL  class  of  aircraft  where  it  no  longer  remained 
a prerequisite  that  the  lift  be  generated  almost  exclusively  by  aerodynamic  means.  The 
first  flight  tests  of  this  type  of  aircraf;  showed,  however,  that  the  relaxation  of  many 
of  the  classical  aerodynamic  constraints  not  only  Influenced  the  trajectories  that  could 
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be  achieved  but  also  led,  if  not  to  undesirable,  then  at  least  to  unusual  handling 
qualities.  It  is  the  purpose  of  this  paper  to  discuss  the  influence  of  some  of  these 
characteristics  cn  pilots'  opinions. 

In  the  longitudinal  plane  the  most  readily  apparent  differences  occur  in  the 
control  of  pitch  and  flight  path.  It  often  becomes  difficult  to  control  precisely  the 
pitching  moment  of  unaugmented  STOL  aircraft  because  of  their  decreased  short-period 
stiffness  and/or  damping  and  because  the  phugoid  mode  may  become  excited  more  easily 
through  an  increase  in  its  frequency  without  a commensurate  increase  in  its  damping. 

For  aircraft  without  stability  augmentation,  the  natural  separation  between  the  short- 
period  and  phugoid  modes  is  diminished  and  must  be  re-established  either  by  the  pilot  or 
by  a stability  augmentation  system  before  satisfactory  flight  path  control  can  be 
achieved.  Moreover,  flight  path  control  through  pitch  attitude  variations  becomes  less 
effective  because  the  relationship  between  pitch  and  the  resulting  normal  acceleration, 
to  which  most  professional,  or  high  as  opposed  to  low  speed,  pilots  have  become  accustomed , 
changes  markedly  with  reduced  trim  speed  even  before  consideration  is  given  as  to  whether 
operation  is  on  the  'frontside'  or  'backside'  of  the  power-required  curve.  To  attain  the 
desired  low  approach  speeds,  the  aircraft  must,  in  fact,  frequently  be  operated  on  the 
'backside'  of  this  curve  with  all  the  ensuing  implications  of  potential  stability 
problems . 


The  inclination  of  the  thrust  vector  of  STOL  aircraft  is  generally  more  normal 
to  the  flight  path  than  it  is  in  conventional  aircraft.  Consequently,  the  inclination 
of  the  resultant  aerodynamloally  generated  force  is  often  affected  more  significantly  by 
variations  in  the  magnitude  of  the  thrust  and  this  can  lead  to  confusing  and  unexpected 
responses.  As  an  example  is  quoted  experience  with  the  augmentor-wing,  modified  Buffalo 
being  evaluated  in  a joint  U .S . A . -Canadian  programme,  which  decelerates  when  thrust  is 
increased  at  constant  pitch  attitude  in  an  approach  configuration.  Even  when  given 
control  over  both  thrust  magnitude  and  direction,  the  pilot  will,  in  general,  be  required 
to  coordinate  thrust  vector  modulation  with  pitch  to  attain  the  desired  longitudinal  and 
vertical  velocities. 


Some  aspects  of  trajectory  control  are  related  directly  to  flight  speed.  Speed 
disturbances  which  are  quite  acceptable  at  higher  speeds  have  a proportionally  greater 
and  possibly  unacceptable  influence  as  trim-speeds  decrease.  This  is  true  not  only  for 
perturbations  induced  by  the  pilot  but  also  for  those  not  directly  under  his  control  due 
to  atmospheric  turbulence,  wind  and  wind  shear. 

An  in-flight  investigation,  Ref.  1,  has  recently  been  completed  with  the  aim  of 
quantifying  the  influence  of  systematic  variations  in  some  of  the  above  mentioned  param- 
eters on  pilots'  opinions. 


The  NRC,  Flight  Research  Laboratory,  Bell  A7G-3B1  simulator,  Ref.  2,  was  flown 
on  an  instrument  approach  task  at  60  knots  down  an  8°  glide  slope  with  visual  acquisition 
at  200  ft  AGL  of  the  touchdown  point  200  ft  upwind  of  the  microwave  guidance  transmitter. 
The  complete  circuit  is  illustrated  in  Figure  1. 

Investigated  both  for  good  augmented  and  typical  unaugmented  pitching  charac- 
teristics were  the  effects  on  speed  and  flight  path  control  of  various  levels  of  coupling 
between  airspeed  and  normal  acceleration.  This  coupling  was  achieved  through  independent 
variations  in  the  derivatives  Zu  and  Zw. 

The  evaluation  pilots  were  required  to  complete  a detailed  questionnaire  after 
each  evaluation  indicating  which  factors  had  most  influenced  their  final  assessments  and 
ratings.  Further  details  of  both  the  experimental  design  and  of  the  pilots'  assessments 
may  be  found  in  Ref.  1. 

2.0  FLIGHT  PATH  CONTROL  IN  THE  PRESENCE  OF  EASILY  CONTROLLED  PITCHING  CHARACTERISTICS 

The  analytical  background  required  to  bring  into  prominence  the  features 
pertinent  to  flight  path  control  is  summarized  below  and  a description  of  the  pilots' 
assessments  of  in-flight  evaluations  of  these  characteristics  then  follows. 

2 . 1 Effect  on  Flight  Path  Dynamics  of  Modulating  Pitch 

If  pitch  attitude  can  be  easily  and  precisely  constrained  to  the  desired  levels 
by  the  pilot,  the  equations  of  motion  for  flight  path  control  may  be  considerably 
simplified  by  using  pitch  attitude  rather  than  elevator  as  the  controlling  function,  as 
was  originally  indicated  in  Ref.  3 and  subsequently  reiterated  in  different  forms  in 
several  recent  publications. 

Of  interest  to  the  present  development  is  the  ratic  between  height  rate  and 
speed  fluctuations  resulting  from  an  attitude  change.  Tt  is  this  coupling  which 
establishes  the  effectiveness  of  changing  attitude  as  a means  of  controlling  flight  path. 


To  illustrate  more  simply  the  concept,  it  is  assumed  that  in  the  small- 
perturbation,  longitudinal  equations  of  motion,  the  following  approximations  may  be  made: 
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The  above  mentioned  ratio  then  reduces  to 
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A.  is  the  zero  in  the  height  rate  to  pitch  attitude  transfer  function,  which  indicates 
where  along  the  power-required  curve  the  aircraft  is  being  operated. 

The  trajectories  that  would  be  followed  by  the  aircraft  in  response  to  a small 
step  speed  decrement  (used  only  for  illustrative  purposes)  through  attitude  changes  for 
positive,  zero  and  negative  X^  are  shown  in  Figure  2. 

Consider  first  the  case  where  Xh  is  zero,  which  corresponds  to  operation  at 
the  minimum  power-required  point.  Equation  (1)  would  then  represent  the  expression  for 
the  exchange  between  kinetic  and  potential  energy,  at  a constant  dissipation  rate, 
brought  about  by  aircraft  pitching  motions.  To  be  noted  is  that  the  height  increment  for 
a velocity  decrement  is  given  by 


U 


h=0 


(3) 


It  is  seen  that,  to  obtain  a given  height  increment  relative  to  the  flight  path,  the 
percentage  speed  change  required  is  proportional  to  the  square  of  the  trim  velocity. 
This  factor  has  two  consequences  of  increasing  significance  as  trim  speed  is  reduced, 
namely : 

(1)  Considerably  greater  speed  decrements  are  demanded  to  attain  a given  increase 
in  potential  energy,  and  the  ensuing  fluctuations  about  the  operating,  point 
thus  also  become  greater. 


(ii)  The  demanded  speed  perturbations  may  become  such  that  they  no  longer  remain 
negligible  in  comparison  with  the  trim-speed.  Thus,  even  if  the  rate  of 
dissipation  of  energy  were  to  remain  unchanged  (Xp,=0),  the  steady  state  change 
in  speed  would  alter  the  flight  path  angle  sufficiently  to  create  the  illusion 
of  the  aircraft  being  operated  on  the  'backside'  of  the  power-reouired  curve. 
The  illusion  would  become  more  pronounced  as  trim-speed  is  reduced  and  as 
glide-path  is  steepened  - two  prerequisites  for  STOL  operations. 


If  X^  is  positive,  decreasing  speed  from  the  trim  speed  through  attitude 
changes  decreases  the  rate  of  dissipation  of  energy.  The  glide-path  will  thus  become 
less  steep  than  that  obtained  with  Xp=0,  and  conversely  for  negative  values  of  Xp, 
corresponding  to  'backside'  operation. 


The  above  developments  have  been  concerned  with  the  final  flight  path  responses 
to  attitude  changes.  The  rate  at  which  these  values  are  achieved  depends  on  the  magni- 
tude of  the  damping  in  heave  derivative,  Zw.  It  would  appear  that  to  achieve  a suitable 
compromise  between  the  response  to  turbulence  and  the  need  to  manoeuvre,  designers  will 
be  restricted  to  the  fairly  narrow  range  of  about  .25  < -Zw  < 1.0  sec”1  for  the  landing 
approach  phase.  Limited  freedom  will  thus  be  available  for  tuning  initial  responses  to 
the  pilot's  desires,  but  the  long  term  flight  path  response  Is  established  by  the  rate 
of  dissipation  of  total  energy  and  the  only  manner  In  which  this  can  be  adjusted  if  the 
inherent  configuration  characteristics  do  not  provide  suitable  variations,  is  by 
modulating  the  thrust  simultaneously  with  pitch.  Reference  k gives  one  approach  to 
achieving  the  appropriate  pitch  and  thrust  modulation,  whereas  the  following  section  is 
concerned  more  with  investigating  the  limiting  options  available  to  a pilot  in  this 
control  task. 


2 . 2 Effect  on  Flight  Path  Dynamics  of  Modulating  Thrust  In  Conjunction  with  Different. 
Limiting  Constraints  obtained  through  Pitch  Attitude  Variations 

The  response  to  thrust  inputs  for  the  following  three  motion  constraints  is  to 
be  considered: 


(i)  Pitch  attitude  perturbations  constrained  to  zero. 

(ii)  Longitudinal  velocity  perturbations  constrained  to  zero  through  pitch  attitude 
(STOL  Technique) . 

(ill)  Height  rate  perturbations  constrained  to  zero  through  pitch  attitude  (CTOL 
Technique) . 

In  all  cases,  for  simplicity,  the  same  assumptions  as  in  section  2.1  will  be  made  as 
regards  quantities  which  may  be  neglected.  It  is  also  assumed  that 
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The  success  of  any  of  the  modes  of  control  delineated  above  depends  upon  the 
ease  and  precision  with  which  pitch  attitude  can  be  modulated  to  constrain  the  appropri- 
ate velocity  component  to  the  desired  level.  Pilots,  In  general,  favour  minimum  control 
Interaction  and  one  would  thus  exncct  a preference  for  the  thrust  Inclination  which 
demands  the  smallest  pitch  compensation  to  maintain  constrained  motion. 

The  STOL  technique,  for  example,  v.'ould  encourage  the  use  of  a near  normal 
thrust  vector  for  height  control.  To  attain  zero  steady  state  pitch  perturbations,  the 
following  identity  would  need  to  b«  satisfied: 


X<ST/Z6T  = VZw 


The  pilot  would,  however,  In  this  case  still  be  required  to  provide  the  transient  atti- 
tude correction  given  by  Eq  (7)  as 
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A compromise  between  diminishing  the  initial  and  steady  state  compensations 
would  probably  be  preferred  for  larger  values  of  x„/zw. 

As  control  of  pitch  becomes  more  difficult,  the  need  to  coordinate  it  with 
thrust  inputs  places  an  increasing  burden  on  the  pilot  and,  for  this  reason,  pitch 
stability  augmentation  needs  to  be  one  of  the  first  stability  modes  provided. 

2 . 3 Effect  of  the  External  Environment  on  Flight  Path  Control 

2.3.1  Mean  Winds  and  Wind  Shears 


The  change  in  rate  of  descent  required  to  maintain  a constant  ground-referenced 
glide-path  angle  in  the  presence  of  a wind  of  strength,  Ify,  which  is  approximately 
aligned  with  the  longitudinal  axis  (Figure  3),  is  given  by 


h = "Vw 


or 
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The  proportional  change  In  rate  of  descent  is  dependent  on  the  relative  magnitude  of  the 
wind  to  airspeed  and  it  is  seen  that  when  wind  shear  occurs  with  altitude,  increasing 
demands  may  be  placed  on  the  pilot  to  maintain  not  only  his  airspeed  but  also  the 
appropriate  rate  of  descent,  whenever  the  variation  in  wind  along  the  trajectory  of  the 
aircraft  becomes  large  relative  to  the  trim  speed. 


A decrease  in  airspeed  due,  for  example,  to  wind  shear  reduces  the  'convertible' 
energy  of  the  aircraft.  If  pitch  attitude  is  held  constant,  operation  on  the  'frontside' 
of  the  power-required  curve  results  in  a decrease  in  the  rate  of  dissipation  of 
energy  until  the  airspeed  is  restored  and,  as  a result,  some  of  the  convertible  energy  Is 
eventually  regained.  'Backside'  operation,  however,  results  in  an  increase  in  the  rate 
of  dissipation  of  energy  and  in  further  depletion  of  the  'convertible'  energy  store. 

This  behaviour  is  illustrated  schematically  in  Figure  t . It  is  thus  apparent  that  when 
the  aircraft  is  being  operated  on  the  'backside'  of  the  power-required  curve,  it.  becomes 
necessary  for  the  pilot  to  notice  early  any  changes  In  airspeed  due  to  wind  shear  in 
order  to  be  able  to  reduce  the  thrust  modulation  necessary  to  maintain  a ground 
referenced  trajectory. 


It  was  found  during  the  investigation  described  iri  a subsequent  section  that, 
even  though  the  majority  of  evaluations  were  deliberately  carried  out  in  light  surface 
winds,  the  effects  of  wind  shear  were  often  cause  for  surprise  and  comment  from  the 
pilot  when  extreme  'backside'  configurations  were  being  evaluated.  Not  only  did  the 
pilot  have  to  make  appropriate  adjustments  to  his  rate  of  descent  according  to  the  time- 
varying  kinematic  relationship  expressed  in  Eq  (11)  but,  during  'backside'  operation, 
his  trajectory  control  problem  was  noticeably  accentuated  because  of  the  need  to  observe 
early  any  deviations  from  trim-airspeed. 


In  a similar  manner,  the  Influence  of  lateral  wind  shears  nepds  to  be 
compensated  for  by  the  pilot.  During  the  above  experiment,  localizer  tracking  often 
proved  to  be  at  least  as  demanding  as  glide-path  tracking,  because  of  the  effects  of  wind 
shear  and  caused  a noticeable  increase  in  the  pilot's  workload  during  this  already 
demanding  approach  task. 


It  Is  suggested  In  Ref.  5 that  the  ground  referenced  trajectory  be  varied 
according  to  the  predicted  along-track  wind  during,  instrument  approach  tasks,  much  as  is 
frequently  done  by  pilots  flying  lower  speed  approaches  under  visual  conditions. 

Although  obvious  physical  limits  to  this  concept  would  remain  (such  as  ground  obstacle 
clearance  heights  and  guidance  aid  limits)  even  if  the  along-track  wind  could  be 
accurately  predicted,  the  range  of  configuration  characteristics  to  which  the  pilot  would 
be  exposed  by  Its  application  would  be  substantially  reduced.  This  would  be  of  benefit 
to  the  pilot  who  is  already  subjected  to  a high  workload  during,  this  flight  phase  without 
his  having  to  adapt  to  continuously  varying  configuration  characteristics. 
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P.3.2  Turbulence 

As  speeds  decrease,  the  wavelengths  of  some  of  the  aircraft  characteristic 
modes  tend  to  coincide  more  with  those  of  the  turbulence  components  exhibiting  high 
energy  levels.  The  effects  of  turbulence  on  disturbing  the  aircraft  from  its  trajectory 
can  thereby  become  pronounced  at  low  speeds,  particularly  if  the  derivatives,  Mu , Mw,  Zu , 
Zw,  are  relatively  large. 

2 . 4 Pilots'  Assessments  of  Flight  Path  Control  in  the  Presence  of 
Pood  Pitch  Control  Characteristics 


As  very  little  documented  in-flight  data  of  the  assessment  of  instrument 
approaches  at  typical  STOL  speeds  in  aircraft  operating  with  various  flight  path  control 
characteristics  existed,  the  experiment  described  in  detail  in  Reference  1 was  carried 
out  to  provide  pilots'  evaluations  of  the  influence  of  some  of  the  parameters  considered 
in  the  previous  sections. 


Simulator  limitations  only  allowed  a thrust  vector  inclination  approximately 
normal  to  the  flight  path  to  be  evaluated,  but  complete  freedom  did  exist  in  the  longi- 
tudinal plane  to  vary  the  normal  force  and  the  pitching  moment  characteristics. 


For  this  phase  of  the  investigation,  the  pertinent  parameters  were  as  follows: 

(i)  Short-Period  Mode:  oigp  = 1.5  r/s,  5 = 0.7. 

These  characteristics  were  obtained  by  augmenting  the  basic  pitching 
characteristics  of  some  of  the  configurations  described  in  Section  3 
with  pitch  rate  and  attitude  feedback. 

(ii)  The  following  elevator  command  forms  were  used: 


(a)  Attitude  Command 
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(b)  Rate  Command 


(ill) 
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The  non-zero  closed-loop 
represented  by 


s2  - (M  + M-)s  - M. 

Cj ot  0 

s[s  - (M  + NN )]  ' 

longitudinal  force  derivatives  were  well 


Xu  = -.04,  Xw  = -.03,  Xq  = 


The  steady  state  pitch  attitude  in  straight 
eo  = -7°. 


-.022  . 

and  level  flight  was 


(iv)  Flight  path  control  characteristics  were  changed  through  independent 

variations  in  the  derivatives  Zu  and  Zw.  In  cognizance  of  the  ability 
of  modern  technology  to  allow  some  deviation  from  the  traditional 
aerodynamic  restraints,  the  ratio,  Zu/Zw,  was  also  allowed  to  deviate 
within  sensible  limits  from  the  value  expected  for  purely  aerodynamically 
generated  forces. 


(v)  The  task  was  flown  at  60  knots  down  an  8°  glide  slope.  Only  raw  aircraft 
state  data  were  presented  to  the  pilot  during  the  instrument  portion  of 
the  task. 


(vi)  Artificial  turbulence  exhibiting  a Von  Karman  spectral  shape  with  a 
scale  length  of  400  ft,  a normal  distribution  and  an  r.m.s.  level  of 
2.5  ft/’.c  was  used  to  represent  the  three  turbulence  components  of  the 
atmosphere,  whereas  the  real  wind  and  wind  shear  of  the  environment 
disturbed  the  trajectory  of  the  simulator. 

To  be  assessed  were  the  maximum  acceptable  coupling  between  airspeed  and  normal 
force  and,  independently,  the  influence  of  the  derivative,  Zw,  when  the  pilot  had  control 
over  a normal  thrust  vector.  Also, the  more  suitable  of  the  two  above  mentioned  elevator 
command  forms  for  this  control  task  was  to  be  established. 

It  was  found  that  when  the  steady  state  velocity  ratio,  ^|ss.  was  negative, 

corresponding  to  'frontside'  operation,  the  easily  controlled  pitching  characteristics 
allowed  the  pilot  to  control  airspeed  through  pitch  attitude  modulation,  and  rate  of 
descent  through  thrust  modulation  without  significant  control  activity  being  required  to 
compensate  for  undesired  crosscoupled  velocity  responses. 


Evaluation  of  three  levels  of  7,w,  namely,  -.25,  -.5  and  -1.0,  in  these  circum- 
stances, showed  that  the  time  constant  associated  with  vertical  velocity  control,  -1/ZW, 
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was  considered  to  hr  too  long  for  Zw  * -.25,  whereas  the  turbulence  response  in  heave 
became  too  great  for  Zw  = -1.0.  A value  of  Zw  = -0.5  appeared  to  result  in  n good 
compromise  between  controllability  on  the  one  hand  and  excessive  turbulence  response  on 
the  other. 

The  velocity  coupling  was  next  varied  through  increases  in  the  magnitude  of 
-Zu  from  zero  to  the  maximum  attainable  aerodynamic  value  of  about  O.fi  for  this  airspeed. 
Typical  plots  of  pilots'  ratings  are  shown  in  Figure  5 for  Zw  = -0.5  for  both  elevator 
command  forms.  It  is  seen  that  the  rate  command  form  was  considered  to  be  significantly 
worse  than  the  attitude  command  form  for  extreme  'backside'  operation  but  better  for 
'frontside'  operation. 

Pilots'  comments  indicated  that  the  initial  pitch  response  for  the  attitude 
command  form  could  be  so  rapid  that  a propensity  towards  pilot  induced  oscillations 
existed  whenever  significant  attitude  changes  w re  demanded  in  such  manoeuvres  as  the 
flare.  This  accounts  for  the  relative  degradation  in  rating  during  'frontside'  operation. 
However,  during  extreme  'backside'  operation,  the  need  to  control  airspeed  precisely  to 
avoid  speed  coupling  effects  dominated  to  such  an  extent,  that  the  added  precision  with 
which  the  attitude  rather  than  the  rate  command  forms  could  control  the  long  term  air- 
speed variations  proved  to  be  of  considerable  benefit  to  the  pilot. 

. It  may  be  noted  from  Figure  5 that  a fairly  extensive  region  of  optimum  ratings 
(say  |h/uss|  < 0.3  - 0.5)  existed,  centred  on  zero  steady-state  velocity  coupling.  This 
trend  was  confirmed  for  the  other  levels  of  -Zw. 

The  most  objectionable  feature  for  operation  on  the  extreme  'backside'  of  the 
power-required  curve  was  the  coupling  between  airspeed  and  rate  of  change  of  height. 

This  made  the  pilot  much  more  aware  of  the  effects  of  wind  and  turbulence  and  increased 
his  general  workload  significantly.  In  his  assessments  of  his  workload  and  performance 
during  various  task  phases,  it  was  apparent  that  he  felt  that  the  former  increased  and 
the  latter  deteriorated  in  most  phases,  whenever  the  primary  tasks  of  controlling  either 
pitch  attitude  and  airspeed  or  rate  of  change  of  height  became  difficult. 

As  the  pitch  control  and  hence  airspeed  control  was  degraded,  the  undesirable 
effects  on  handling  qualities  of  operating  on  the  'backside'  of  the  power-requ ired  '’urve 
became  pronounced  at  lower  levels  of  -Zu.  This  behaviour,  discussed  further  in 
Section  3.3,  is  illustrated  quantitatively  by  the  pilots'  ratings  plotted  in  Figure  6. 

3.0  THE  CONTROL  OF  THE  PITCHING  CHARACTERISTICS 

Much  of  the  foregoing  has  addressed  the  problem  of  flight  path  control  in  '.he 
presence  of  pitching  characteristics  which  could  be  easily  and  precisely  controlled. 
However,  the  inherent  characteristics  of  STOL  aircraft  do  not  fall  into  r.his  category  and, 
although  it  nay  be  argued  that  stability  augmentation  systems  can  always  lit  Incorporated 
to  override  the  unaugmented  characteristics,  the  control  problems  associated  with  system 
failure  or  Inadequate  augmentation  remain.  A considerable  portion  of  the  experiment  was 
thus  concerned  with  evaluating  the  influence  of  undesirable  pitching  characteristics  on 
flight  path  control. 

Consideration  is  given  first  to  the  configurations  in  which  the  short-period 
approximation  represents  well  the  roots  characterizing  the  short  term  response,  and  this 
is  followed  by  consideration  of  the  effects  on  handling  qualities  of  roots  resulting 
from  short  and  long  term  modes  with  small  separation,  where  the  classical  assumptions 
regarding  negligible  quantities  no  longer  remain  adequate  for  determining  the  roots  of 
the  characteristic  equation. 

3 . 1 Classical  Short-Period  Approximation 

It  Is  assumed  that  longitudinal  velocity  perturbations  have  negligible  influence 
on  the  pitch  and  heave  degrees  of  freedom.  In  these  circumstances,  the  pitch  response  to 
elevator  inputs  which  describes  the  central  control  task  facing  the  pilot,  becomes 
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The  unaugmented  short-period  characteristics  of  STOL  aircraft  in  their  landing  approach 
configurations  are  often  such  that  -Zw  and  w2  are  of  the  same  order  of  magnitude  and  lens 
than  1.0.  For  these  conditions,  some  Insight  Into  the  initial  (high  frequency)  response 
of  concern  to  the  pilot  is  given  by  expanding  Eq  (12)  about  the  zero  location  to  give 
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Providing  that  | Zwi,i^  | remains  small  in  comparison  with  |s(s2  + P^us  + oj2)|  in  the 
frequency  range  of  Interest  to  the  pilot  in  his  short  term  control  of  pitch,  one  may 
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approximate  the  high  frequency  response  by 
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To  be  noted  is  that 

when  the  usual  short-period  mode  approximations  are  made, 

2CA*A  = -(Mq  + M.) 

(15) 

and 

UA  " -<Ma  + MiV  • 

(16) 

These  are 

to  be  compared  with  the  short-period  mode  values  of 

2cm  = -(Mq  + NP  + Zw) 

(17) 

and 

“2  = -(Ma  - rW  • 

(18) 

An  Idea  of  the  adequacy  of  the  approximation  may  be  obtained  from  Figures  7 
and  8 which  show  the  responses  obtained  for  variations  in  Zw  and  Mw  for  a typical  range 
of  unaugmented  STOL  short-period  characteristics.  The  response  Is  exactly  represented 
by  Eq  (111)  for  the  case  of  pole-zero  cancellation  (Ma  + M<s Z w = 0),  but  deviates  ever 
more  rapidly  from  the  exact  solution  as  |Zw(Ma  + M<iZw)  | Increases.  Figure  9 Illustrates 
the  relationship  between  the  roots  of  the  approximation  and  those  of  the  short-period 
mode  for  Zw  = -.5-  The  diagram  is  divided  into  four  regions  exhibiting  the  following 
characteristics : 

(I)  The  apparent  initial  damping  in  this  region  is  negative.  It  Is  unlikely 
that  these  characteristics  will  arise  in  practice  as  -(Mq  + M^)  would 
normally  be  positive. 

(II)  In  thin  region  the  apparent  initial  damping  ratio  is  less  than  that- 

expected  from  the  short-period  roots.  Previous  in-flight  investigations 
have  explored  this  region,  particularly  at  the  higher  frequencies  (w2  > 2), 
and  have  reported  PIO  tendencies  near  the  boundary  between  I and  II  even 
when  favourable  short-period  characteristics  existed  (for  example. 

Ref.  6). 

(Ill)  In  this  region,  especially  when  the  boundary  between  111  and  TV  is 
approached,  the  apparent  initial  stiffness  is  reduced.  However, 
providing  that  the  origin  of  is  not  approached  too  closely, 

handling  qualities  remain  satisfactory. 

(IV)  The  apparent  Initial  stiffness  is  negative  in  this  region  and  the 

aircraft  is  characterized  by  a more  sluggish  pitch  response  to  elevator 
inputs  than  would  be  expected  from  the  short-period  root  locations. 

Also  illustrated  In  Figure  9,  to  give  an  Indication  of  the  region  of  present 
concern,  is  a range  of  typical  unaugmented  STOL  short-period  characteristics  during  the 
landing  approach  phase. 

The  Influence  of  increasing  -Zw  on  the  apparent  initial  damping  and  stiffness 
is  shown  In  Figure  10.  In  general,  Regions  T and  IV,  which  correspond  to  negative 
initial  damping  and  stiffness  respectively,  are  expanded  at  the  expense  of  Regions  II  and 
III.  The  higher  the  value  of  -Zw  In  relation  to  a given  set  of  short-period  roots,  the 
more  sluggish  the  initial  response  will  appear  to  be.  Expressed  slightly  differently, 
the  Increase  In  short-period  damping  and  stiffness,  obtained  from  Eqs  (17)  and  ( 1 8 ) , with 
increasing  -Zw  Is  not  reflected  in  the  initial  response  to  elevator  Inputs  - indeed,  for 
the  normally  negative  values  of  M<j,  the  apparent  Initial  stiffness  is  reduced. 

The  marked  change  in  initial  response  to  control  inputs  resulting  from  different 
values  of  Zw  for  the  same  short-period  characteristics  is  Illustrated  in  Figure  7 for 
Zw  = 0,  -.25,  -.5,  -1.0  and  the  short-period  characteristics,  2cw  = 1.75,  to2  = .625. 

3 . 2 Pilots'  Assessments  of  Unaugmented  Short-Per j.od  Characteristics 


One  of  the  advantages  of  the  model  following  technique  employed  on  the  simulator 
utilized  lri  the  experiment  was  the  accuracy  with  which  low  stiffness  conf igurations  could 
be  simulated.  This  allowed  exploration  of  a range  of  short-period  characteristics  which 
are  representative  of  unaugmented  STOI  aircraft  in  this  flight  phase  but  which  had  not 
before  been  evaluated  in  flight  in  a systematic  manner. 

Decoupling  from  longitudinal  velocity  perturbations  was  ensured  by  setting  Mu 
and  Zu  to  zero  for  this  rroup  of  configurations.  Various  levels  of  total  damping,  and 
stiffness  were  evaluated  for  different  magnitudes  of  -Zw. 

The  ease  of  controlling  pitch  dominated  the  pilot's  concern  but 
the  magnitude  of  Zw  discussed  in  Section  2.1)  again  were  apparent. 


the  effects  of 
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[Dealing  first  with  the  configurations  characterized  by  pole-zero  cancella- 
tion, that  In,  those  on  the  line  between  Regions  III  and  IV  in  figure  9,  the  ratings 

I deteriorated  rapidly  when  the  basic  time  constant  governing  the  pitch  control  mode 

(l/-(Mq  + M,j))  became  greater  than  about  1.0  sec.  The  trend  in  pilots'  ratings  for  con- 
figurations with  pole-zero  cancellation  is  shown  in  Figure  11.  Imprecise  pitch  control 
was  blamed  for  the  deterioration  In  handling  qualities  with  increasing  time  constant  and, 
once  the  latter  had  become  too  long,  increasing  the  stiffness  to  move  the  short-period 
characteristics  into  Region  III  of  Figure  9 did  not  improve  the  situation  noticeably  in 
the  range  investigated  (i*i  < 1 r/s).  For  example,  all  configurations  with  Zw  = -1,0  and 
= 1.75  and  with  Zw  = -0.5  and  = 1.0  were  deemed  unacceptable.  This  indicates 
that  a lower  limit  exists  for  the  pitch  damping, -(Mq  + M&),  to  attain  acceptable  pitching 
characteristics  with  these  low  stiffness  configurations,  even  when  the  short-period 
damping,  -(Mq  + M^  + Zw),  is  at  a favourable  level. 

When  the  basic  time  constant  was  classed  as  good,  decreasing  the  stiffness  so 
that  ui\  became  negative  led  to  a rapid  deterioration  in  ratings.  The  complaint  again 
became  one  of  sluggish  and  imprecise  pitch  responses.  It  appears  then  that  a lower 
limit,  established  by  the  pitching  characteristics,  also  exists  for  the  minimum  acceptable 
short-period  stiffness,  and  that  this  limit2may  be  governed  by  the  apparent  initial  pitch 
stiffness  to  elevator  Inputs.  Increasing  u/\  from  zero  through  changes  in  Ma  accentuated 
the  turbulence  response  but,  in  the  range  tested,  did  not  degrade  the  overall  ratings. 

The  trends  in  pilots'  ratings  for  varying  stiffness,  damping  and  Zw  are  shown  in 
Figure  12. 


To  be  noted  is  that  the  pilots  on  several  occasions  had  difficulty  in  assigning 
consistent  ratings  for  these  configurations  which  were  often  characterized  by  low  total 
stiffnesses.  This  situation  is  not  unusual  when  the  pilot  must  concern  himself  with 
several  mediocre  to  poor  control  characteristics  rather  than  with  one  dominant  character- 
istic. 

3 . 3 Handling  Qualities  for  Highly  Coupled  Degrees  of  Freedom 

The  short-term  modes  of  unaugmented  3T0L  aircraft  in  their  landing  approach 
configurations  are  often  governed  by  two  aperiodic  roots,  one  of  which  may  have  a value 
close  to  zero.  In  these  circumstances,  the  root  locations  may  not  be  well  approximated 
by  those  obtained  using  the  classical  assumptions  for  calculating  separated  short-period 
and  phugoid  modes  of  motion.  When  the  constraints  of  zero  values  for  Mu  and  Zu  applied 
in  the  previous  group  were  relaxed,  many  of  the  configurations  fell  into  this  class. 

As  an  example,  root  loci  due  to  varying  Mu  are  shown  in  Figure  13  both  for  well 
and  poorly  separated  modes.  It  Is  seen  that  a noticeable  redistribution  of  damping 
between  the  modes  occurs  as  a result  of  small  modal  separation.  In  the  example 
illustrated,  a new  complex  pair  with  total  damping  considerably  greater  than  that  which 
would  be  expected  using  the  classical  phugoid  assumptions,  has  resulted  from  the  combi- 
nation of  one  of  the  short-period  roots  with  a phugoid  root.  This  damping  has  been 
derived  at  the  expense  of  an  aperiodic  Instability  arising  from  the  remaining  root  near 
the  origin.  These  root  locations  are,  however,  so  sensitive  to  small  variations  in  Mu 
that  a redistribution  of  the  roots  to  the  locations  expected  from  the  normal  short-period 
and  phugoid  approximations,  can  easily  be  achieved  by  the  pilot  closing  a low-gain  air- 
speed to  elevator  loop. 

Pilots'  evaluations  of  this  situation  confirmed  that  achieving  this  redistri- 
bution and  hence  stabilization  of  the  aperiodic  root  (with  time  to  double  amplitude  of 
7 seconds)  did  not  add  significantly  to  the  control  task  and  that  the  instability  was 
certainly  not  as  detrimental  to  handling  qualities  as  was  one  of  similar  time  to  double 
amplitude  resulting  from  a reduction  in  the  short-period  stiffness  through  the  derivative 
Mw,  when  decoupling  was  enforced  through  setting  Mu  and  Zu  to  zero. 

It  is  thus  seen  that  a single  undesirable  root  location  must  be  viewed  in 
relationship  to  the  other  roots  in  the  proximity  before  its  effects  on  handling  qualities 
can  be  ascertained. 

Turning  now  to  the  general  effects  of  non-zero  Mu  and  Zu  on  handling  qualities, 
one  finds  that  poor  pitch  characteristics  accentuated  the  problems  of  flight  path  control 
considered  in  Section  2.4,  as  -Zu  was  Increased.  The  reason  lay  with  the  difficulty  in 
achieving  precise  long-term  airspeed  control.  This  is  illustrated  by  the  examples  of 
variations  in  pilots'  ratings  for  configurations  without  pitch  stability  augmentation 
with  increasing  -Zu  shown  in  Figure  6,  which  should  be  compared  with  those  of  the 
augmented  configurations  shown  In  Figure  5. 

The  effect  of  Mu  generally  showed  Itself  through  the  increased  response  of 
pitch  to  turbulence  and,  when  Mu  was  positive,  through  the  increased  excitation  of 
relatively  high  frequency  phugoid  oscillations. 

4.0  CONCLUDING  REMARKS 

Consideration  has  been  given  to  some  of  the  factors  which  distinguish  the 
handling  qualities  of  STOL  aircraft  during  the  landing  approach  phase  from  those  of 
conventional  aircraft.  It  is  shown  that  airspeed  takes  on  an  importance  In  its  own 
right.  At  reduced  speeds,  control  of  flight  path  through  pitch  modulation  becomes  less 
effective  as  large  speed  perturbations  may  be  demanded  to  attain  a given  neight  correc- 
tion, and  the  long-term  response  may  be  undersirable  because  of  operation  on  the 
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'backside'  of  the  power-required  curve.  Wind  and  wind  shear  also  have  a more  pro- 
nounced effect  on  trajectory  control  and  may  force  the  pilot  to  compensate  for  wideiy 
changing  configuration  characteristics  during  the  course  of  an  approach  when  a ground 
fixed  trajectory  is  being  followed. 

Operation  will  often  be  on  the  'backside'  of  the  power-required  curve.  This 
makes  it  expedient  for  the  pilot  to  control  rate  of  change  of  height  through  thrust 
modulation  and  airspeed  through  pitch  attitude  to  avoid  speed  Instability  problems. 

In-flight  evaluations  of  the  landing  approach  phase  of  STOL  configurations 
which  were  characterized  by  a normal  thrust  vector,  indicated  a preference  on  the  part 
of  the  pilots  for  negligible  long-term  changes  in  flight-path  angle  with  pitch  attitude 
and  hence  airspeed,  that  is,  operation  near  the  aircraft's  minimum  power-required  point. 

The  more  easily  and  precisely  the  long-term  pitch  attitude  could  be  controlled, 
the  further  along  the  'backside'  of  the  power-required  curve  the  pilots  were  prepared  to 
operate  the  aircraft.  An  attitude  command  form  for  elevator  to  pitch  control  proved 
advantageous  in  this  respect  as  it  allowed  precise  control  of  long-term  speed  variations. 

When  the  pitching  characteristics  were  not  augmented  and  the  resulting  short- 
period  stiffness  became  low,  the  pilots'  principal  concern  lay  with  the  control  of  pitch. 

This  control  problem  was  central  to  the  flight-path  control  task  and  poor  pitch  character- 
istics accentuated  poor  flight-path  control  characteristics. 

Finally,  when  the  short-period  and  phugoid  modes  were  not  well  separated,  it 
was  found  that  the  difficulty  associated  with  controlling  an  aperiodic  instability  was 
dependent  not  only  ori  the  location  of  the  appropriate  root  taken  in  Isolation,  but  also 
on  the  location  of  the  neighbouring  roots. 

5.0  REFERENCES 

1.  K-H.  Doetsch,  Jr.,  D.W.  Laurie-Lean,  The  Flight  Investigation  and  Analysis  of 
Longitudinal  Handling  Qualities  of  STOL  Aircraft  on  Landing  Approach.  TR  AFFDL-TR- 
7 ^-18 , March  1974.  MRC/NAE  Lab.  Tech.  Report  LTR-FR-42 , May  1974. 

2.  D.F.  Daw,  K.  Lurn,  and  D.M.  McGregor,  Description  of  a Four  Degrees-of-Freedom  V/STOL 
Aircraft,  Airborne  Simulator.  NRC/NAE  LR-499,  Feb.  1968. 

3.  S.  Neumark,  Problems  of  Longitudinal  Stability  Below  Minimum  Drag  Speed,  and  Theory 
of  Stability  under  Constraint.  R&M  No.  2983,  1953. 

4.  J.G.  Jones,  Application  of  Energy  Management  Concepts  to  Flight-Path  Control  in 
Turbulence.  In  AGARD  CP-140,  May  1973. 

5.  W.S.  Hindson,  D.G.  Gould,  Modification  of  V/STOL  Instrument  Approach  Geometry  as  a 
Means  of  Compensating  for  Along  Track  Wind  Effects.  MRC/NAE  LR-573,  Jan.  1974. 

• 

6.  R.F..  Smith,  J.V.  Lebacqz,  and  J.M.  Schuler,  Flight  Investigation  of  Various 
Longitudinal  Short-Term  Dynamics  for  STOL  Landing  Approach  Using  the  X-22A  Variable 
Stability  Aircraft.  CAL  Report  No.  TB  3011-F-2,  Jan.  1973. 

ACKNOWLEDGEMENTS 

Part  of  the  work  reported  here  was  carried  out  undpr  Contract  No.  F33615— 71-C— 

1722  to  the  United  States  Air  Force  and  under  Sub-Contract  No.  S-72-3  to  CALSPAN.  The 
assistance  of  Mr.  D.W.  Laurie-Lean  during  the  acquisition  of  the  experimental  data  of 
the  programme  under  those  contracts  is  acknowledged. 


1 


Ny  6uisd30ui 


gc 

z 

>~ 

Li. 

<r 

CO 

U. 

O 

o 

z 

tr 

LU 

LU 

a 

o 

a: 

Q 

<3 

o 

D 

O 

H 

i 

o 

-7 

Z 

o 

i 

<r 

<1 

o 

< 

H 

<J 

UJ 

5 

Z 

CO 

EFFECT 


MAJOR  CONCERNS 


EFFECT  OF  PITCH  CONTROL 


917 


X Mu  =0 

» Increasing  Mu 
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i 


(a)  LIGHTLY  COUPLED  DEGREES  OF  FREEDOM  (b)  STRONGLY  COUPLED  DEGREES  OF  FREEDOM 


FIG  13  EFFECT  OF  MODAL  SEPARATION  ON  ROOT  LOCI  FOR  Mu  VARIATIONS 
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LOW-SPEED  STABILITY  AND  CONTROL  CHARACTERISTICS  OF  TRANSPORT 
AIRCRAFT  WITH  PARTICULAR  REFERENCE  TO  TAILPLANE  DESIGN 
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SUMMARY 


For  modern  transport  aircraft  generally  emphasis  is  put  on  operational 
flexibility.  This  means  among  other  things  that  the  ability  is  required  to  operate  at 
low  take-off  and  landing  speeds  under  a wide  range  of  loading  conditions.  Consequently 
the  operational  envelope  of  the  aircraft  covers  a large  range  of  lift  coefficients  and 
C.G.  positions.  The  ensuing  requirements  for  the  design  of  horizontal  tail  surfaces 
and  elevators  are  difficult  to  fulfil.  In  this  paper  some  of  the  low-speed  tailplane 
and  elevator  problems  are  considered.  Particular  reference  is  made  to  the  possibility 
of  tailplane  stall.  Some  related  experience  obtained  in  the  design  and  flight  testing 
of  the  Fokker-VFW  F-27  and  F-28  is  discussed. 


LIST  OF  SYMBOLS 
C^  lift  coefficient 

Cr  lift  coefficient  for  the  aircraft  less  tail 

T-0 

CT  thrust  coefficient,  CT  = 

CL  tailplane  lift  curve  slope 

a h 

elevator  lift  curve  slope 
^e 

cm3Q  pitching  moment  with  the  moment  reference  centre  at  30%  MAC 

CmT-0  pitching  moment  for  the  aircraft  less  tail 

c mean  aerodynamic  chord  (MAC) 

i^  tailplane  angle-of-incidence 

tail  moment  arm 

n normal  load  factor 

q free  stream  dynamic  pressure 

qg  dynamic  pressure  at  the  tailplane  location 

S wing  area 

S elevator  area 

e 

S^  tailplane  area 

V airspeed 

Vs  stalling  speed  as  determined  for  certification  purposes 

tailplane  volume  coefficient 
tailplane  effective  angle-of-attack 

aircraft  angle-of-attack  with  respect  to  fuselage  datum  line 
aw  aircraft  angle-of-attack  with  respect  to  wing  root  datum  line 

change  in  tailplane  angle-of-attack  due  to  aircraft  rate-of-pitch 

&e  elevator  angle 

e downwash  angle  at  the  tailplane 
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1 . INTRODUCTION 

Operational  flexibility  is  a key  word  in  the  design  of  modern  transport 
aircraft.  In  particular  short-haul  transport  aircraft  must  be  able  to  operate  with 
full  payload  from  moderate  to  short  runways.  On  the  other  hand  when  ample  runway 
length  is  available  high  take-off  weights  for  the  longer  range  capability  should  be 
possible.  Forthermore  loading  restrictions  should  in  the  operator's  opinion  be 
non-existent.  The  striving  after  of  these  goals  has  in  the  course  of  time  led  to 
two  developments  : 

1.  The  maximum  lift  coefficient  for  take-off  and  landing  and  the  number  of 
take-off  figurations  that  can  be  selected  has  increased  considerably. 

2.  The  centre-of-gravity  range  for  which  aircraft  are  certificated  shows  a 
tendency  to  increase. 

Regarding  the  C.G.  range  it  should  be  noted  that  at  present  there  is  a trend  to  include 
beforehand  in  a new  design  the  loading  flexibility  needed  upon  developing  the  aircraft 
design  further  into  a "family  of  aircraft”.  Stretching,  a change  of  engines,  a large 
variety  of  customer  requirements,  or  the  fitting  of  a large  freight  door  may  all  affect 
the  required  C.G.  range.  It  is  often  worthwhile  to  consider  these  points  when  sizing 
the  tailplane  and  designing  the  control  system. 

Both  developments  are  reflected  in  the  heavy  and  often  conflicting  requirements  put  on 
the  horizontal  tailplane  and  elevator  characteristics  of  present-day  transport  aircraft. 
Research  into  the  quantification  of  desired  handling  qualities  has  also  had  its  impact 
on  the  design  of  longitudinal  control  systems.  The  improved  insight  into  the  relation 
between  a pilot's  opinion  on  a aircraft's  behaviour  and  measurable  aircraft  characteris- 
tics has  led  to  a general  increase  in  the  level  of  what  is  considered  as  acceptable 
design  standards. 

The  Fokker  company  was  confronted  with  all  these  developments  in  the  design  and  develop- 
ments of  the  F-27  turboprop  and  F-28  turbofan  transport  aircraft.  Both  aircraft  are 
now  well-established  in  the  air  transport  market.  A three-view  of  both  aircraft  is 
presented  in  fig.  1. 

2.  LONGITUDINAL  CONTROL  DESIGN  REQUIREMENTS 

In  table  I a summary  is  presented  of  the  various  factors  concerning  low  speed 
flight  which  influence  the  aerodynamic  design  of  tailplane  and  elevator  for  a small 
to  medium-sized  transport  aircraft.  Both  reversible  and  irreversible  controls  are  con- 
sidered. The  inclusion  of  the  former  implicates  that  control  forces  and  thus  hinge 
moments  also  have  to  be  taken  into  account. 

In  the  table  these  factors  have  been  grouped  under  five  headings  : 

a.  Static  and  dynamic  stability 

b.  Control  capacity 

c.  Trim  capacity 

d.  Control  forces 

e.  Out-of-trim  control  characteristics. 

In  this  paper  a closer  view  will  be  taken  at  the  requirements  concerning  low-speed 
control  and  trim  capacity.  In  particular  the  possibility  of  tailplane  stall  will  be 
considered . 

3.  PITCHING  MOMENTS  AS  AFFECTED  BY  Cr  AND  C.G.  RANGE 

“max 

Fig.  2 shows  in  principle  the  pitching  moment  for  a hypothetical  transport 
aircraft,  tail-off,  as  a function  of  flap  setting  and  centre-of-gravity  position. 

The  total  range  of  pitching  moments  that  has  to  be  balanced  by  the  tail  is  quite  large 
and  lies  between  a high  negative  and  a small  position  value.  For  equilibrium  in  pitch 
and  under  the  assumption  that  Vh  = 1 the  tailplane  lift  coefficient  has  to  cover  the 
same  range  of  values. 

It  is  also  clear  from  fig.  2 that  an  increase  in  cLmax  or  C.G.  range  puts  an  increasing 
demand  on  the  lifting  capability  of  the  tailplane.  Furthermore  it  can  be  seen  that  the 
highest  tail  lift  is  required  either  at  Cl  or  at  low  CL-values  depending  on  the 
relative  position  of  the  most  forward  C.G.  position  and  the  aerodynamic  centre  of  the 
aircraft- less- tail . 

To  find  the  trim  changes  when  altering  the  aircraft  configuration,  airspeed  or  C.G. 
position  pitching  moment  curves  for  the  complete  aircraft  are  required.  Fig.  3 shows 
the  tail-off  and  tail-on  pitching  moment  curves  for  the  F-28.  The  very  small  changes  in 
trim  due  to  flap  extension  at  constant  Cl  are  evident.  However,  when  the  required  C.G. 
range  is  considered  again  a large  range  of  pitching  moments  has  to  be  coped  with. 

In  fig.  4 the  balancing  pitching  moment  produced  by  the  tail  in  order  to  maintain 
longitudinal  equilibrium  is  described  in  a simplified  equation  form.  (Tab  effects 
neglected . ) 


'tail 


= -CL 


0U 


Otn 


E + it 


act 


(q) 


cl6 


CL 


1.6e) 


li.  Vk 


ah 


are 


HJI.'I'l" 


10-3 


In  the  preliminary  design  stage  tailplane  aspect  ratio  and  volume  coefficient  are  often 
selected  on  the  following  criteria  : 

1.  Acceptable  static  stability  at  the  most  aft  C.G.  location 

2.  The  ratio  between  maximum  and  minimum  values  for  stickforce-vs . -speed  gradient 
and  stickforce/g  over  the  required  C.G.  range. 

3.  A first  estimate  of  the  maximum  usable  tail  lift  coefficient  to  trim  the  aircraft 
on  landing  and  to  rotate  the  aircraft  at  take-off,  both  at  the  forward 

C.G.  position. 

If  it  is  assumed  for  the  moment  that  no  appreciable  power  effects  exists  and  that  the 
tailplane  is  outside  the  wing  wake,  then  °s  = 1 • 

The  ratio  between  tailplane  and  elevator  area  is  less  directly  obtained.  It  follows 
from  the  type  of  control  system  adopted  (reversible  or  irreversible)  and  from  a careful 
balance  between  the  control  capacity  required  and  the  resulting  hinge  moments.  With 
regard  to  the  latter  both  absolute  values  and  the  acceptable  degree  of  non-linearity 
have  to  be  taken  into  account. 

The  remaining  factors  are  then  : 

1.  average  flow  angle  at  the  tailplane 

2.  tailplane  incidence 

3.  elevator  deflection. 

From  the  foregoing  three  basic  requirements  ’merge  for  the  tailplane  : 

1.  The  tailplane  must  be  able  to  produce  both  a large  downward  lift,  either 
through  a high  negative  tailplane  ang1 e-of-attack  or  through  elevator 
deflection  and  a,  generally  smaller,  amount  of  upward  lift.  The  latter 
may  be  a significant  point  when  asym.retric  tailplane  profile  sections 
are  used,  including  high-lift  devices  at  the  leading  edge  to  cone  with 
very  large  negative  angles-of-attack . 

2.  Large  trim  ranges  for  tailplane  and/or  elevator  are  required. 

3.  The  tailplane  must  be  able  to  tolerate  a large  range  of  angles-of-attack, 
both  positive  and  negative.  This  is  in  particular  true  for  out-of-trim 
conditions  where  large  tailplane  angles-of-attack  are  not  readily  apparent 
because  they  are  not  necessarily  coupled  to  high  tailplane  lift  coefficients. 

In  the  following  some  of  the  tailplane  requirements  and  in  particular  the  ability  to 
cope  with  large  negative  angles-of-attack  will  be  considered  more  in  detail  with 
examples  drawn  from  F-28  and  F-27  tests. 

4.  TAILPLANE  CHARACTERISTICS  OF  THE  F-28 

The  F-28  is  equipped  with  a variable-incidence  tailplane  for  trim  and  an 
aerodynamically  balanced  elevator  for  manoeuvring. 

In  fig.  5 the  tailplane  angle-of-attack  is  shown  for  two  aircraft  configurations  as  a 
function  of  lift  coefficient,  C.G.  position  and  tailplane  setting.  For  the  landing 
case  two  sets  of  lines  are  drawn.  The  full  lines  indicate  the  tailplane  angle-of- 
attack  with  the  aircraft  trimmed  for  zero  stick-force.  The  broken  lines  show  the 
change  in  ah  when  the  aircraft  lift  coefficient  at  n = 1 is  varied  by  means  of 
elevator  deflection  and  the  tailplane  setting  is  held  constant.  This  occurs  when 
the  speed  is  varied  at  a constant  trim  setting  . Furthermore  the  figure  shows  the 
effect  of  a tailplane  setting  for  maximum  aircraft  nose-up  trim  (i^  = -8.3  deg). 

Also  the  tailplane  angle-of-attack  is  shown  for  the  condition  where  the  aircraft  is 
pushed  over  to  n = 0.5  g at  1.3  Vs  at  the  most  forward  C.G.  position. 

In  the  latter  case  the  tailplane  angle-of-attack  shows  an  ample  margin  with  respect 
to  the  tailplane  stalling  angle,  however,  this  margin  is  largely  lost  when  ice 
roughness  at  the  leading  edge  is  present.  Although  the  F-28  aircraft  is  equipped  with 
an  anti-icing  system  and  consequently  normally  should  be  completely  free  of  any 
roughness  at  the  leading  edge  it  is  practice  at  Fokker  to  consider  the  effect  of  ice 
roughness  for  cases  of  system  malfunction  or  pilot  neglect. 

The  F-28  tailplane  is  specifically  designed  for  a high  negative  stall  angle.  A section 
was  chosen  with  upward  nose  camber  and  a large  nose  radius. 

Fig.  6 shows  the  lift  curve  slope  as  obtained  from  windtunnel  tests  both  in  the  clean 
condition  and  with  simulated  ice  accretion.  The  simulated  disturbance  corresponded  to 
a 1^  inch  thick  mushroom  shaped  ice  ridge  over  the  complete  leading  edge. 
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In  fig.  7 another  adverse  effect  of  Ice  accretion  on  tailplane  characteristics  at  high 

anglcs-of-attack  is  shown.  This  figure  shows  the  effect  of  ice  on  the  elevator  hlnqe 

moment.  A lightening  and  eventually  a reversal  of  control  forces  occurs  at  a much 
lower  angle-of-attack  when  ice  is  present  than  when  the  leading  edge  is  clean. 

It  is  clear  that  the  lifting  capabilities  of  tailplanes,  when  consideration  is  given  to 
the  more  severe  flight  conditions,  are  more  limited  than  many  publications,  related  to 
the  subject  of  Control  Configured  Aircraft,  suggest. 

The  critical  flow  conditions  at  the  tail  may  occur  with  the  flaps  in  the  landing  position 
and  the  C.G.  at  the  most  forward  location  under  the  following  flight  conditions  : 

1.  When  a push-over  is  made  at  a low  airspeed. 

a)  After  the  initial  pull-up  in  a baulked  landing  in  order  to  increase  the 
speed . 

b)  In  a stall  recovery  manoeuvre  during  flight  training. 

2.  During  the  initial  stage  of  a pitch-down  manoeuvre  resulting  from  an 
autopilot  failure. 

3.  When  the  aircraft  is  hit  by  a downward  gust. 

In  the  F-28  flight  tests  these  conditions  were  simulated  by  flying  at  a speed  near  the 
placard  speed  for  landing  flaps  and  progressively  varying  the  tailplane  setting.  The  tail 
load  was  kept  constant  by  applying  elevator  in  the  opposite  sense.  Also  push-overs  of 
varying  abruptness  were  performed. 

Various  sizes  and  shapes  of  simulated  ice  accretion  were  tested.  Stickforce  irregula- 
rities and  a lowering  of  the  general  stickforce  level  was  experienced  under  these  most 
extreme  tailplane  conditions. 

5.  POWER  EFFECTS 

Propulsive  power  may  affect  the  tailplane  angle-of-attack  in  various  ways.  One  effect  is 
the  turning  of  the  surrounding  flow  into  an  exhaust  jet  due  to  jet  entrainment.  On  the 
F-28  this  effect  produces  a slight  nose-up  pitching  moment  at  constant  speed  when  power 
is  applied  although  the  centre  lines  of  the  engine  exhausts  pass  over  the  centre  of 
gravity  suggesting  at  first  sight  a nose-down  moment. 

Much  larger  changes  in  a^,  occur  when  a coupling  exists  between  propulsive  and  wing  lift 
forces  as  is  the  case  in  the  various  blown-wing  concepts.  The  oldest  one  is  the  wing 
completely  or  partly  immersed  in  the  slipstream  of  propellers  in  front  of  the  wing.  The 
phenomenae  concerning  the  flow  around  the  tail  and  the  characteristics  of  tailplane  and 
elevator  have  in  principle  remained  the  same,  however, with  the  newer  concepts  like  i.e. 
the  externally  blown  flap. 

In  the  late  fifties  the  Fokker  company  (now  Fokker-VFW)  carried  out  a fairly  extensive 
series  of  wind  tunnel  tests,  and  in  a later  stage  also  flight  tests,  on  an  F-27  STOL- 
variant,  which  did  not  go  into  production.  During  these  tests  particular  emphasis  was 
put  on  the  investigation  of  the  flow  conditions  at  the  tail.  This  aircraft  was  equipped 
with  a double-slotted  flap,  the  second  slot  opening  after  the  flap  was  extended  past  40 
degrees.  The  maximum  flap  angle  was  70  degrees. 

The  propellers  of  the  wind  tunnel-model  could  be  operated  at  thrust  coefficients 
corresponding  to  a full-scale  engine  power  of  up  to  1950  shp.  This  value  is  slightly 
below  the  present  take-off  power  of  2050  shp. 

Some  of  the  test  results  obtained  on  this  model  will  be  used  to  illustrate  the  effect  of 
the  interaction  between  lift  and  propulsion  on  tailplane  and  elevator  characteristics. 

Figure  8 shows  the  tail-off  lift-curve  for  the  model  with  fully  deflected  flaps  and 
various  thrust  coefficients.  Also  the  lift  curve  is  presented  for  the  case  where  the  lift 
is  varied  at  constant  engine  power  and  wing  loading.  The  familiar  increase  in  lift  curve 
slope  with  increasing  thrust  coefficient  is  clearly  demonstrated. 

Figure  9 presents  the  pitching  moment  curves  both  tail-off  and  tail-on  for  the  same  flap 
setting  and  power  conditions  as  the  lift  curves  in  the  previous  figure. 

The  dotted  lines  for  constant  Tc-values  are  estimated,  based  on  linearized  downwash  data. 
The  measured  and  calculated  curves  for  ip  = 5 degrees  are  given  as  a check  for  the 
accuracy  of  the  calculations. 

Figure  9 shows  some  interesting  features.  The  tail-off  pitching  moment  coefficient 
becomes  more  negative  with  increasing  thrust  coefficient  at  constant  CL.  Also  the  gradient 
of  the  pitching  moment  curves  at  constant  Tc  shows  only  a slight  variation  for  different 
Tc-values.  Consequently,  although  the  slope  of  the  moment  curve  for  constant  Tc  has  a 
positive  sign,  the  moment  curve  for  constant  power  and  constant  wing  loading,  i.e.  the 
static  stability  for  the  aircraft-less-tail,  has  a negative  sign.  When  the  local  slope  of 
the  pitching  moment  curves  for  constant  power  for  the  aircraft  tail-off  and  tail-on  are 
compared,  figure  9 shows  that  near  Cp  = 3 the  slopes  of  both  curves  are  equal.  This  means 
that  the  tail  contribution  to  stick-fixed  static  stability  is  zero  and  that  the  stick- 
fixed  static  stability  is  entirely  determined  by  the  aircraft-less-tail. 
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This  result  depends  of  course  to  a large  extent  on  the  relative  vertical  position  of 
thrust  centre  line  and  vertical  C.G.  position,  but  the  F-27  STOL-conf iguration  is 
representative  of  what  in  general  may  be  expected  in  this  respect  of  blown  wing  aircraft. 

Figure  9 shows  thus  in  principle  the  effect  of  power  on  the  longitudinal  stability.  Both 
the  manoeuvre  and  the  stick-fixed  static  stability  are  decreased.  In  fact  for  most  pro- 
peller aircraft  this  decrease  is  so  serious  that  neutral  or  even  slightly  negative  sta- 
bility exists  at  the  most  aft  C.G.  position  in  the  low-speed  climb.  With  high  power  and 
flaps  retracted  the  strong  downwash  effects  exist  without  the  benefit  of  high  negative 
pitching  moments  of  the  aircraft  less  tail. 

The  effect  of  power  and  lift-coefficient  on  the  flow  condition  at  the  tail  is  further 
illustrated  in  the  next  two  figures.  Figure  10  shows  the  average  downwash  angle  at  the 
tailplane  location  as  a function  cf  tail-off  lift  coefficient  and  thrust  coefficient 
The  figure  clearly  shows  the  well-known  fact  that  the  downwash  angle  is  primarily  de- 
pendent on  Cp,  with  the  thrust  coefficient  coming  in  as  a second  order  effect. 

However,  as  the  tailplane  angle-of-attack  can  be  written  as 

“h  = °R  ' £ + lh 

the  strong  influence  of  Tc  on  CL  vs.  aR  also  causes  the  tailplane  angle-of-attack  to 
vary  with  Tc  at  constant  CL. 

This  is  illustrated  in  figure  11  which  presents  ( - ih  ) versus  CL. 

The  following  should  be  noted  : 

1.  At  low  lift  coefficients  power  and  downwash  have  a small  effect  on  ( a^-ih  ). 

The  latter  is  almost  entirely  determined  by  the  fuselage  angle-of-attack  which 
at  such  high  flap  settings  can  reach  considerable  negative  values. 

2.  A push-over  at  a high  power  setting  and  at  a low  speed,  for  example  in  a baulked 
landing,  produces  a large  negative  angle-of-attack  due  to  the  high  thrust 
coefficient  and  the  negative  pitching  velocity. 

3.  With  a high  power  setting  the  effect  of  CL  on  tailplane  angle-of-attack  is  much 

less  than  with  power  off.  There  is  even  a range  of  CL-values  where  ah  is 

approximately  constant.  This  means  that  ( 1 - d£  ) = 0 and  that  stick-fixed  static 

da 

stability  is  entirely  determined  by  the  characteristics  of  the  aircraft  without 
tail  as  was  shown  in  figure  9. 

If  the  tailplane  incidence  is  fixed  at  0 deg.  the  tailplane  must  be  able  to  cope  with 
angles-of-attack  as  large  as  -20  to  -23  deg.  Even  for  steady  flight  at  moderate  power 
near  the  flap  placard  speed  is  equal  to  about  -20  deg. 

The  original  tailplane  of  the  F-27  had  a symmetrical  section  of  the  NACA  6-digit  series 
which  at  the  low  Re-numbers  of  the  windtunnel  tests  had  a stalling  angle-of-attack  of 
14  deg.  This  means  that  if  this  tailplane  would  be  installed  on  the  model  under  the 

conditions  mentioned  (take-off  power,  if,  = 0,  ’f  = 70  deg.),  the  tailplane  would  be 

stalled  over  het  complete  aR-range.  Fig.  12  shows  that  this  is  indeed  the  case. 

The  pitching  moment  contribution  of  the  tailplane  is  less  than  half  of  what  a non- 
stalled  tailplane  would  have  produced.  (See  also  fig.  9).  With  power-off  the  tailplane 
stalls  at  CL  = 1.4  and  comparison  with  fig.  11  will  show  that  this  corresponds  to 
c»L  = -14  deg. 


The  rfsk  of  tailplane  stall  can  of  course  be  alleviated  by  increasing  the  tailplane 
incidence.  This  was  already  demonstrated  in  fig.  12.  When  the  tailplane  incidence 
Was  increased  from  ift  = 0 to  i^  = 5 deg.  the  flow  was  fully  attached. 

A large  drawback  of  this  solution  is  that  a considerable  increase  in  elevator  capacity 
for  the  stall  is  required.  In  particular  when  a reversible  elevator  control  system  is 
used  the  range  over  which  the  tailplane  setting  may  be  increased  is  therefore  quite 
limited . 

In  the  windtunnel  tests  it  was  also  investigated  what  the  effect  was  of  placing  the 
tailplane  near  the  top  of  the  fin.  The  effect  on  is  shown  in  fig.  13.  It  is 
evident  that  the  static  stability  improves  considerably.  However  the  high  negative 
angles-of-attack  at  low  Cp  -values  have  hardly  decreased. 

6.  F-27  STOL  FLIGHT  TEST  DEVELOPMENT 

As  the  previously  described  windtunnel  tests  showed  promises  with  respect  to 
improved  landing  performance  the  double-slotted  flaps  were  tested  on  the  F-27  proto- 
type in  combination  with  a variable-incidence  tailplane.  The  tailplane  had  upward 
camber  forward  of  the  front  spar  and  the  leading  edge  radius  was  increased  by  50% 
compared  to  the  tailplane  on  the  windtunnel  model.  It  was  mechanically  coupled  to  the 
flaps  in  such  a way  that  the  tailplane  incidence  ranged  from  -1.0  deg.  with  flaps 
retracted  to  + 3.6  deg.  when  the  flaps  were  fully  extended. 
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In  order  to  counteract  the  effect  of  Increased  tailplane  settinq  on  elevator  capacity 
in  the  stall  the  chord  of  the  manually  operated  elevator  was  increased  by  27  percent. 
Trimming  was  accomplished  by  a trim  tab. 

These  flight  tests  produced  the  following  results  : 

1.  Investigations  of  push-over  manoeuvres  (n  = 0.5  g)  with  the  flaps  fully 
deflected  showed  that  the  tailplane  was  close  to  stalling  in  this  flight 
condition . 

2.  Although  the  elevator  chord  was  considerably  increased  the  aircraft  could 
only  be  fully  stalled  at  C.G.  positions  aft  of  26%  MAC  with  full  flap 
deflection  and  the  tailplane  set  at  ih  = 3.6  deg. 

3.  Sufficient  elevator  power  was  aval lable  for  wave-offs  and  push-overs  in  the 
most  critical  conditions  although  in  the  wave-nff  control  forces  could  be 
hiqh . 

4.  The  coupled  tailplane  lowered  the  transient  forces  in  extending  or  retracting 
the  flaps. 

5.  Steep  (9  degrees)  slow  approaches  could  bo  made  without  exceptional  piloting 
skill. 

7.  SOME  GENERAL  REMARKS 

1.  In  the  previous  chapters  two  concepts  for  a longitudinal  control  system  were 
mentioned  with  which  the  control  and  trim  requirements  as  listed  in  Table  I 
may  be  tackled.  The  complexity  of  these  requirements  has  led  to  the  adoption 
of  a range  of  widely  different  control  configurations.  A study  of  various 
aircraft  leads  to  the  list  presented  in  table  II. 

This  table  shows  solutions  with  an  increasing  capability  to  cope  with  widely 
different  requirements  coupled  to  an  increasing  hydraulic-mechanical  complexity. 
In  the  final  choice  for  a certain  solution  various  factors  should  be  con- 
sidered, including  such  ones  as  the  experience  of  the  design  office  with  a 
particular  system.  The  choice  between  spring  tabs  or  hydraulics  may  be 
influenced  by  this.  A balance  should  also  be  struck  between  development  time 
and  cost  versus  production  and  maintenance  costs  . Also  workshop  capabilities 
of  potential  customers  have  sometimes  te  be  considered  as  a design  consideration. 

2.  Increasing  complexity  is  not  only  due  to  the  requirements  for  the  normal 
functioning  of  the  various  components  of  the  control  system.  A more  elaborate 
failure  analysis  has  to  be  performed  which  leads  to  many  duplications  and 
extras  such  as  take-off  warning  systems  for  aircraft  with  non-coupled 
variable  incidence  tailplanes. 

3.  This  paper  deals  with  low-speed  stability  and  control  problems.  However 
taiplane  design  is  not  governed  by  low-speed  requirements  alone.  High-speed 
effects  such  as  due  to  compressibility,  aero-elastic  deformation,  both  static 
and  from  flutter  considerations,  all  play  their  part  and  can  to  a large  degree 
determine  the  type  of  control  chosen. 

4.  Design  is  always  an  iterative  process.  Therefore  the  choice  of  a certain 
control  system  may  have  its  impact  on  the  tail  volume  coefficient  and  aspect 
ratio  chosen  in  an  earlier  design  stage. 

5.  Although  present  windtunnels  have  a high  degree  of  accuracy  the  test  results 
should  be  regarded  with  some  care  in  particular  when  control  characteristics 
are  considered.  Hinge  moments,  local  flow  angles,  ground  e.'fect  have  all 
occasionally  beer  misjudged  in  particular  when  the  tests  had  to  be  performed 
at  low  Reynolds  numbers  as  is  often  the  case  when  ground  effector  power 
effects  are  investigated.  When  regarding  marginal  characteristics  for  a 
chosen  control  lay-out  this  should  be  kept  in  mind. 

8.  CONCLUSIONS 

The  high  degree  of  operational  flexibility  nowadays  demanded  of  transport 
aircraft  results  in  aircraft  flight  envelopes  which  cover  a large  range  of  lift 
coefficients  and  centre-of-gravity  positions.  As  a consequence  severe  requirements 
have  to  be  fulfilled  by  the  horizontal  tail  with  respect  to  longitudinal  stability, 
control  and  trim. 

In  the  foregoing  some  of  the  required  characteristics  have  been  dealt  with.  In 
particular  the  lifting  capability  of  the  tailplane  and  the  hazard  of  tailplane  stall 
was  considered  together  with  the  required  ability  to  cope  with  large  negative  angles- 
of-attack.  It  was  also  shown  that  in  out-of-trim  conditions  the  two  requirements  were 
not  necessarily  related,  in  particular  when  a variable-incidence  tailplane  was 
considered.  Windtunnel  and  flight  test  results  obtained  with  the  F-27  and  F-?8  were 
used  to  illustrate  some  of  the  points  made. 

It  seems  that  the  problems  around  the  tail  contribution  to  longitudinal  stability  and 
the  tailplane  stall  will  stay  with  us  and  it  may  be  expected  that  it's  relative 
importance  will  increase  with  the  present  interest  in  blown-wing  technology. 
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SURVEY  OF  LOW-SPEED  LONGITUDINAL  STABILITY,  CONTROL  AND  TRIM  REQUIREMENTS  FOR  CIVIL  TRANSPORT  AIRCRAFT 


I 


Requirement 


Critical 
C.Q.  position 


FAR  25 


Stability  should  be  acceptable 

1.  Stick-fixed  static  stability 

(May  be  a matter  of  concern  in  turbulence) 

2.  Dynamic  stability 


Aft 


II  Control  capacity  should  be  sufficient  to  perform  the 
following  manoeuvres: 

1.  Rotation  in  the  take-off 

2.  Landing  flare  and  touch-down 

3.  Stall 


4.  Prompt  recovery  prior  to  the  stall 

1.2  V $ V.  . 1.4  V 

s trim  s 


Forward 

Forward 

Forward 

Aft 


A 25.145  (a) 


III  Trim  capacity  should  be  sufficient  to  trim  the  aircraft 
for  zero  stick-force 

1.  For  all  flap  settings  for  speeds  not  less  than  1.4  Vs 

2.  For  each  flap  setting  up  to  its  placard  speed 
Preferably  Vtrim  =s  1.2  Vg  for  take-off  flaps 

$ 1.3  Vg  for  landing  flaps 


Forward  A 25.161 

Aft  b 25.161 


IV  Control  forces  must  comply  with  the  following  requirements: 

1.  When  trimmed  at  1.4  Vg  the  stick-force  curves  shall  have 
stable  slopes  over  prescribed  speed  ranges. 

2.  The  stick-force  gradient  shall  be  3s  1 lb/6  kt. 

3.  The  stick-force  gradient  shall  be  sufficiently  high 
to  compensate  the  effect  of  the  control  friction  band 
on  the  free  return  speed  range. 

The  latter  shall  lie  within  prescribed  limits. 

4.  With  the  flaps  extended,  power  off  and  the  aircraft  trimmed 
at  1.4  V stick-forces  shall  not  exceed  the  following 
values.  3 

V = 1.1  Vs  Fe  sS  50  lb  pull 

V = 1.7  V or  VF„  (whichever  is  the  lower) 

3 f g 50  1b  push 

V = 1.8  Vs  F0  € 80  lb  push  (landing  flaps) 

5.  Stick-force/g  shall  lie  within  acceptable  limits 


6.  Transient  stick-force  changes  shall  not  be  greater  than 
50  lb  for  various  configuration  changes  such  as  flap 
extension  and  retraction  or  power  application 

7.  Stick-forces  in  the  take-off  shall  be  acceptable. 

8.  Stick-forces  in  the  landing  shall  be  acceptable. 


Aft 

Aft 


Aft 


Forward 


Forward 

and 

Aft 


25.175 
A 25.173  (c) 


A 25.173  (b) 


A 25.145  (b) 
A 25.145  (b) 

A 25.175  (d) 


A 25.145  (b) 


1 


V Cut-of-trlm  control  characteristics 

1.  Tailplane  and  elevator  shall  be  able  to  cope  with  the 
varying  flow  conditions  at  the  tail  when  excursions  from 
the  trimmed  conditions,  as  described  above,  are  performed. 

2.  At  the  extreme  trim  speeds  sufficient  control  power  shall 
be  available  to  counteract  gusts  or  apply  corrections  to 
the  flight  path. 

3.  When  a variable-incidence  tailplane  is  used  for  trim 
sufficient  elevator  capacity  shall  be  available  for 
rotation  in  the  take-off  with  the  tailplane  in  a slight 
out-of-trira  setting. 


Forward 

and 

Aft 


I 

, J 
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TABLE  II 


LONGITUDINAL  CONTROL  AND  TRIM  SYSTEMS  AS  FOUND  ON  TRANSPORT  AIRCRAFT 


a)  Fixed  tailplane. 

Manoeuvring  by  elevator. 

Trim  by  trim  tab. 

b)  Fixed  tailplane. 

Manoeuvring  by  elevator. 

Trim  by  an  element  between  tailplane  and  elevator 
(“double-hinged"  elevator). 

c)  Fixed  tailplane. 

Manoeuvring  by  elevator. 

Trim  by  trim  tab. 

Coupling  between  flap  and  separate  trim  tab  on  elevator. 

d)  Variable  incidence  tailplane  coupled  to  flap. 

Manoeuvring  by  elevator. 

Trim  by  trim  tab. 

e)  Variable  incidence  tailplane  for  trim. 

Manoeuvring  by  elevator. 

f)  Variable  incidence  tailplane  coupled  to  elevator  for  trim. 

Manoeuvring  by  elevator. 

g)  Variable  incidence  tailplane  coupled  to  flaps. 

Elevator  coupled  to  throttles. 

Trim  by  variable  incidence  tailplane. 

Manoeuvring  by  elevator. 

h)  “All-flying  tail"  with  geared  “elevator"  for  both  manoeuvring  and  trim. 


To  prevent  flow  separation  leading-edge  slats  and  flaps  are  used  and  elevators 
have  been  fitted  with  fixed  vanes. 

On  some  experimental  aircraft  blowing  at  the  tailplane  leading-edge  and  at  the 
elevator  hinge  line  has  been  applied. 
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Fig.2  Pitching  moment.  Aircraft  less  tail 


Range  of  pitching  moments  to  be  balanced  by 
^hanging  the  tailplane  incidence  or  elevator  deflection 
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Fig.3  F-28  pitching  moment  curves 
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Fig.4  Tail  contribution  to  pitching  moment  equilibrium  (0  = 0) 
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Fig.5  F-28  tailplane  anglc-of-attack 
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SUMMARY 

The  paper  gives  a rough  presentation  of  the  twin  engine  short  haul  aircraft  VFW  614 
and  discusses  some  selected  low  speed  aspects  of  this  aircraft  as  they  came  forward 
in  design,  realisation,  and  test.  These  aspects  are:  'Wing  stall  aerodynamics,  tail 
stall  aerodynamics,  longitudinal  control,  and  lateral/directional. 

1.  INTRO  DUCTIOt! 

The  paper  discusses 

Some  low  speed  aspects  of  the  twin  engine 
short  haul  aircraft  VFW  614 

The  aircraft  - shown  in  fig.  1-  is  the  world's  first  jet  airliner  with  engines  moun- 
ted on  the  upper  side  of  a wing.  Some  low  speed  aspects  are  particularly  connected  with 
that  engine  position.  A brief  review  of  questions  as 

What  was  the  VFW  614  design  concept? 

and 

What  was  the  technical  approach? 

seems  therefore  to  be  useful  before  discussing  in  more  detail  a selection  of  some 
low  speed  characteristics. 

2.  VFW  614  - DESIGN  CONCEPT  / TECHNICAL  DATA 

The  design  idea  of  the  VFW  614  was  to  provide  a 
jet  airliner  for  short  haul  operation, 

- to  be  operated  from  small  provisional  airfields 
with  relatively  low  traffic  density,  and 
small  growth  rates 

The  aircraft  therefore  has 

- to  replace  the  partially  obsolete  propeller  aircraft 

to  offer  higher  cruise  speeds,  flexibility  and  comfort, 


and 
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to  be  supplementary  to  any  fleet  of  larger  jet  aircraft 
as  - e.g.  - DC  9,  B 737  or  DAC  111 

These  conditions  led  to  specific  DESIGN  CRITERIA  - see  fig.  2 - as 

short  airfield  performance 

multi-stage  capability 

rough  airfield  capability 

minimum  noise  and  pollution 

independence  from  ground  support 

high  dispatch  and  block  to  block  reliability, 

and  finally  to  that  OVER-THE- WING-MOUNTING  OR  ENGINES, 

which  is  still  unique  among  the  world's  aircraft. 

There  are  some  principal  advantages  for  such  a position  ( 1,  2,  3 ) as 

unbroken  long-span  flaps 

short  landing  gear  keeping  the  fuselage  close  to 
the  ground  for  quick  boarding  and  disembarking, 

no  foreign  body  ingestion, 

a blanketing  effect  on  engine  noise,  and 

a relativily  wide  c-g-f lexibility 

Tnese  advantages  have  been  regarded  to  be  of  higher  priority  as  all  technological  prob- 
lems associated  witn  any  new  engine  position. 

The  principal  technical  data  of  the  VFW  614  prototypes  G 2 and  H 3 , as  they  are  flight- 
tested  now,  are  summarized  in  fig.  3 including 

main  dimensions  as 


and 


wing  span 

7o  ft  6 in 

(21,5  m) 

- length 

67  ft  6 in 

( 2o,6om) 

height 

25  ft  8 in 

(7,84  m) 

wing  area 

688  sqft 

(64  m2  ) 

aspect  ratio 

7.22 

sweep  angle  (251) 

15° 

we i girts  as 

- MTOW 

44000  lbs 

(19  95o  kp) 

- MLW 

44  ooo  lbs 

(19  95o  kp) 

- max.  wing  loading 

64  lbs/sqft 

(312  kp/m2) 

( 2 x 34oo  kp  ) 


Both  engines  RR/CNECMA  M 45  ii  with 
2 x 

thrust  at  sealevel  arid  ISA  conditions  enable  tne  aircraft  to  fly 
M = o,65  at  2o  ooo  ft 

over  a range  of  71oo  NN  (132o  km) 

ana 


to  operate  from  fields  down  to  4 ooo  ft  lenght. 

A typical  diagram  for  short-haul  service  is  shewn  in  fig.  4. 
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3.  VFW  614  - CONCEPT  REALISATION 

The  realisation  of  a new  aircraft  concept  iG  usually  divided  into  classical  and  new 
technological  realisation. 

Hero  by  CLASSICAL  technology  realisation  is  understood  that  work  which  has  to  be  trea- 
ted for  any  aircraft  in  order  to  meet  the  airworthiness  regulations  and  performances 
predictions . 

NEW  technology  realisation,  however,  defines  that  work  to  be  done  in  order  to  get  the 
full  benefit  of  the  new  concept's  potential  within  the  frame  of  all  regulations. 

With  the  exception  of  its  engine  position  the  VFW  614  was  designed  conventionally  in 
principle.  Mew  technology  realisation  problems  at  high  speeds  as  well  as  at  low  speeds 
are  therefore  mainly  connected  with  that  engine  mounting. 

The  paper  is  concentrated  at  low  speed  problems  only.  Due  to  the  strong  interactions 
between  low  and  high  speed  design  fig.  5 summarizes  major  problems  in  the  development 
of  that  particular  aircraft  at  both  speed  regimes.  As  it  can  be  seen  from  that  figure 
a concentrated  theoretical  and  experimental  work  had  to  be  done  at 

high  speed 

- to  minimize  additional  pod/pylon  drag  and  buffet, 

- to  optimize  stability  and  control  with  simple  systems, 

to  minimize  engine  throttle  effects,  especially  the  effects 
of  slam  deceleration  of  both  engines  on  longitudinal  motion 
as  well  as  single  engine  throttling  on  lateral  directional 
motion 

and  at 

low  speed 

- to  minimize  adverse  pod/pylon  effects  on  the  stall  characteristics 
to  minimize  wing  stall  effects  on  engine  distortion, 

- to  optimize  the  aircraft  STO  potential  on  stability 

and  control,  especially  under  strong  cross  wind  conditions, 
and  with  one  engine  inoperative 

to  solve  stick  free  stability  problems  associated  with  manual 
controls  as  well  as  the  tail  stall  problems  under  icing  conditions. 

These  particular  low  speed  problems  are  broadly  discussed  in  the  following  chapters. 


4.  DISCUSSION  OF  SOME  LOW  SPEED  PROBLEMS 


4.1  Wing  stall  aerodynamics 

The  predication  quality  of  stall  characteristics  is  still  limited,  since  neither 
theoretical  models  on  3-D  separation  nor  experimental  facilities  for  high  Reynolds 
number  testing  are  sufficiently  promoted.  For  the  VFW  614  with  its 

by-pass  engines  mounted  above  the  wing 

STO-capability  and 

manual  lateral  controls 

that  lack  of  general  knowledge  led  to  an  intensive  special  research  work,  however, 
some  questions  remained  open  until  flight  testing  the  aircraft. 

The  most  important  open  question  concerned  the  engine  response  to  unsteady  wing  or 
intake  lip  separation  effects,  since  the  advantages  of  the  engine  position  with  respect 
to  steady  distortions  were  already  verified  (see  (4)  ).  With  respect  to  the  uncertain 
engine  reaction  the  original  design  philosophy  of  the  VFW  614  wing  at  stalling  speeds 
had  to  take  into  account,  that 

the  steady  distortion  factor  given  by  the  engine 
manufacturer  may  not  be  exceeded  during  the  stall 

a tolerated  exceeding  at  angles  of  attack  beyond 
that  for  maximum  lift  should  be  extremly  time  limites 
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the  intake  flow  schould  not  influence  the  stall  flow 
pattern  to  avoid  power  setting  interference 


Tne  combination  of  that  requirements  with  classical  characteristics  and  performance 
requirements  such  as 


high  C^max  dt  t«“.ko-off  and  landing, 

low  drag  for  take-off  flap  settings, 

increased  nose  down  pitching  moments  at  maximum  lift 

and 

no  roll-off  tenoency  and  full  lateral  control 


led  to  a wing  design  with  separation  starting  at  the  trailing  edge  of  the  inner  wing 
panel,  extending  forward  and  sideward  but  excluding  the  wing  leading  edge  part  in  front 
of  the  engines. 


In  fig.  Ga  sketchgOf  tne  recommended  flow  pattern  is  compared  with  1:5  scale  model  re- 
sults at  2,5  . lo°  Reynolds  nunl 


lumber.  The  agreement  between  botn  patterns  was  satisfac- 
tory to  start  flight  testing  the  aircraft  without  expending  severe  engine  trouble. 


In  audition  to  tne  normal  tost  equipment,  tuft  studies  were  recorded  by  a video-system 
as  well  as  by  a tail-camera  during  the  stall  tests.  The  evaluation  of  all  information 
sources  indicated  that 


the  flow  separation  started  as  predicated, 


but  the  separation  boundary  spreaded  more  intensive 
in  spanwise  rather  than  in  chordwise  direction,  thus 


resulting  in  reduced  longitudinal  stability  and 


increased  rolling  moments  both  cue  to  flow  break 
down  anc  reduced  aileron  effectivness. 


In  addition  power-on  and  power-eff  stalls  demonstrates  that 


o the  engines  woxe  less  sensitive  against  unsteady 
wing  separation  effects,  even  at  combinations  of 
angles  of  attack  well  beyond  maximum  lift  with 
side  slip  angles  in  the  order  of  3c°. 


Tnis  encouraging  engine  experience  could  be  used  to  improve  the  stall  propagation 
considerably  by  a modification  of  the  outbord  wing's  leading  edge  together  with  a G" 
stall  promotor  in  the  wing-body  fairing.  These  short-tine,  lou-cost  changes  resulted 
in  favorable  stall  characteristics  and  high  maximum  lift  for  all  flap  settings. 


In  fig.  7a  typical  stall  history  is  illustrated.  From  on-line-data  of  this  flight 
angle  of  attack 
indicated  airspeed 
elevator  control  forces 
aileron  control  forces 

were  plotted  against  flight  time  T (sec)  on  the  right  hand  side  of  the  figure. 


At  three  time  steps,  marked  by  dotted  lines,  wing  flow  development  is  taker,  by  tuft 
photos,  shown  on  the  left  sice  of  the  figure. 


Tne  propagation  of  flov;  break  down  can  be  followed  from  above  to  below.  At  flight 
time  2672  separation  starts  near  the  fuselage  at  an  angle  of  incidence  of  about 
14  degrees  indicated.  Gome  o,5  degrees  later  the  separation  has  spreaded  over  the 
wing  panel  between  fuselage  and  engine  position,  and  at  an  angle  of  18°  the  wing  is 
stalled  up  to  about  o,‘t  semispan  at  the  leading  edge  o,6  at  the  trailing  edge. 


Tne  complete  stall  was  conducted  with  continuously  increasing  elevator  pull  force, 
anc  curing  the  whole  manoeuvre  the  bank  angle  was  kept  in  limits  of  + by  about 


anc  curing  citu  wuuid  i.iuuucuvii;  uic  uai  a au^i 
lb  kp  aileron  control  force,  at  maximum. 


by 


To  reacn  an  overal  understanding  of  the  wing  stall  behaviour  fig.  B gives  the  pro- 
pagation of  flow  break  down  for  cruise,  take-off  amd  landing  configuration,  which 
were  plotted  from  tuft  photos  during  flight  test.  For  all  flap  settings  a rather 
similar’  flow  cevelopment  was  achieved,  resulting  as  well  in  favourable  stall  charac- 
teristics as  in  favourable  performances. 
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This  can  bo  checked  from  the  lift  data  on  the  right  hand  side,  obtained  from  flight  per- 
formance test  cvalution  for  3 flap  settings  and  1-g-stall.  Applying  TAA-otall  procedure 
about  six  percent  of  minimum  speed  are  saved  thus  gaining  more  than  ten  percent  of 
in  comparison  to  the  plotted  - Values. 

Approaching  the  stall,  the  natural  buffet  warning  is  recognized  by  the  pilots  at  about 
Gi  before  minimum  speed.  As  this  signal  was  not  strong  enough  for  all  certification 
stalls  an  artificial  optical/acoustical  stall  warning  was  incorporated. 

g-break  is  well  pronounced  for  all  flap  settings  and  neither  gear  nor  spoilers  have  any 
noticeable  influence  on  it. 


4 . 2 Tail  stall  aerodynamics 

A series  of  flight  tests  has  been  conducted,  to  check  the  full  longitudinal  trim  capabi- 
lity of  the  aircraft.  The  flow  angle  at  the  horizontal  tail  increases  to  maximum  values, 
when  the  aircraft  is  flown  under  the  condition 

forward  c.g. 

full  flap-,  deflected 

flap  placard  speed 

To  establish  full  trim  capability,  a sufficient  margin  against  tail  flew  separation  is 
required  under  these  flight  conditions.  This  margin  must  take  into  consideration  adverse 
effects  increasing  the  angle  of  attack  at  the  stabilizer  as  by 

gusts 

pilot  maneuver 
icing  conditions 

c.g.  shift  forward  beyond  that  certificated. 

In  order  to  check  the  tail  performance,  two  types  of  pilot  maneuver  were  conducted 

- out  of  trim  in  six  steps  between  1.2  Vr  and  flap  placard 
speed  at  constant  speed  with  3 deg  of  istabi  izer  movement 
aircraft  nose  up 

- push  over  in  the  sane  trim  steps  up  to  An  = o,5 

As  tne  main  criterium  the  pilot's  feeling  on  the  controls  was  considered  and  in  addition 
this  information  was  backed  up  by 

stabilizer  straingage  measurements 
tuft  observations,  which  were  related  to 
windtunnel  studies 

On  the  basis  of  these  results  full  trim  capability  was  confirmed  with  safe  margin  against 
tail  separation. 

Though  a deicing  system  is  installed  in  the  stabilizer  leading  edge,  full  trim  capability 
with  ice  at  the  tail  is  still  required  to  cope  with  system  or  pilot  failures. 

A flight  test  with  ice  at  the  stabilizer  leading  edge  was  performed  for  the  most  critical 
configuration  with  respect  to  c.g.,  flap  setting  and  speed.  It  was  demonstrated  that  the 
pilot  kept  the  aircraft  fully  controlled,  however,  higher  stick  forces  due  to  increased 
hinge  moments  were  observed. 


4,3  Longitudinal  Control 

The  basic  aspects  for  longitudinal  motion  are 

Static  longitudinal  stability  (stick-fixed  and  stick  free) 

Dynamic  longitudinal  stability 

Trimchange  with  speed  ,centre  of  gravity  shift , power  and  flap  settings 

- Control  near  the  stall 

Change  of  stick  force  with  speed,  centre  of  gravity,  power  and  flap  settings 

- Change  of  stick  force  in  maneuvring  flight 
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- High  speed  characteristics  and  speed  recovery  maneuvers 

(pitch  upsets,  c.o.g.  shift,  inadvertent  control  movement....) 

On  account  of  the  direct  controls  (manual  control  system  with  booster  support)  the  addi- 
tional parameter  of  stick  free  stability  has  to  be  implied  into  control  system,  lay  out. 
This  parameter  depending  on  elevator  hinge  moment  derivatives  due  to  local  angle  of  at- 
tack and  due  to  elevator  deflection  has  an  influence  on  all  aspects  mentioned  above. 

Since  hingemoment  determination  during  design  stage  entails  uncertainties,  means  of 
adaptability  have  to  be  provided  which  in  our  cose  are 

variable  oost  ratio 

variable  g.ar  tab  ratio 

With  the  denominations  of  fig.  9 the  connection  of  the  basic  controllability  requirements 
and  the  aircraft  characteristics  is  described  in  fig.  lo.  For  simplicity  reasons  this  fi- 
gure is  based  on  linear  hinge  moments. 

The  lower  part  of  the  figure  illustrates  the  loss  of  £ain  in  "stick-free"  stability  de- 
pending largely  on  the  ratio  "b.  / b-",  which  can  be  influenced  by  the  ratio  of  the  gear 
tab.  Actually  it  is  used  as  an  antibalance  tab.  The  requirements,  given  in  the  upper 
part  of  the  figure,  must  be  met  for  the  whole  centre  of  gravity  range  (2o4  M.A.C.)  and 
different  flap  settings.  The  elevator  control  forces  (K)  can  be  adapted  by  the  boost  ra- 
tio. Looking  at  the  chosen  design  curve  it  is  obvious,  that  the  whole  range,  admitted 
by  the  requirements  is  utilized  by  the  large  centre  of  gravity  shift  of  2o%  M.A.C. 

Designers  usually  have  to  expect  rearward  c.g.  drift  on  their  aeroplanes,  so  it  happened 
with  the  VFW  614.  For  this  reason,  cruise  configurstion  with  the  most  rearward  c.g.  po- 
sition becomes  marginally  stable  but  is  still  acceptable. 

As  an  example  figure  11  shows  some  flight  test  results  in  terms  of  pilot's  force  at  his 
controls  versus  speed  and  the  corresponding  elevator  deflection.  In  this  cafe-landing 
configuration  and  rearward  c.g.  position-  the  slope  of  stick  force  curve  is  more  than 
twice  of  the  required  value. 

4.4  Lateral  and  directional  Control 

4.4.1  Lateral  and  Directional  Control  Performances 

The  lateral  and  directional  controls  of  the  VFW  614  have  been  designed  such  that  controll- 
ability requirements  are  fully  met.  These  are 

- roll  performances 

- engine  failure  balancing 

- cross  wind 


- controllability  under  gust  conditions 

- short  turns  in  final  approach 

If  these  requirements  are  fulfilled  at  low  speeds  controllability  at  high  speeds  will  be 
guaranteed  as  well.  Due  to  the  lack  of  quantitive  statements  in  FAR  Part  26  the  flight 
test  results  are  compared  with  Mil  F 8785  B and  / or  SAE  recommendations  (5.6). 

Both  roll  rate  and  roll  acceleration  (bank  after  1.8  sec)  are  in  compliance  with  ambiti- 
ous requirements,  some  small  attention  however  has  to  be  paid  to  reduction  of  roll  con- 
trol power  effectiveness  at  extremely  low  speed  due  to  flow  separation  and  adverse  tab 
positions  (s.  fig.  12  and  13). 

Aileron  deflection  to  balance  engine  failure  is  far  below  critical  boundaries  due  to  low 
rolling  moments  with  side  slip.  Turns  with  one  engine  inoperative  can  easily  be  achieved 


to  both  sides  (5 


at  1.4  V$). 


Directional  control  with  on  engine  inoperative  needs  booster  support  in  particular  for 
engine  failure  during  take  off  below  which  determines  V . Flight  tests  so  far  con- 
ducted indicate  sufficient  margin  between  V.  and  V (fig.  TS). 

° 2 me 

A series  of  take  offs  and  landings  was  performed  with  heavy  cross  winds.  A considerable 
wing  lifting  tendency  has  been  observed  during  taxiing  demanding  up  to  754  of  full  roll 
control  power.  In  order  to  prove  sufficient  roll  controllability  during  taxiing  diffe- 
rent pilots  tested  the  aircraft  at  crosswind  components  up  to  41  kts  from  both  sides. 

The  results  are  demonstrated  in  a statistic  way  in  fig.  15  showing  the  time  for  which 
specified  control  throws  were  applied  related  to  the  total  operating  time.  These  results 
imply  both  the  operation  under  gust  conditions  and  turns  during  final  approach  for  pro- 
per adjustment  of  the  aircraft  to  runway. 
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4,4,2  Roll  Control  Forces 

So  far  lateral  and  directional  control  performances  have  been  considered  as  they 
resulted  from  flight  tests  within*  regarding  control  rorcos.  Both  roll  and  yaw 
controls  are  direct  controls  thus  depending  on  hinge  moments.  While  a quick  app- 
roach to  an  optimal  yaw  control  system  was  possible,  some  steps  were  necessary  to 
find  the  optimal  solution  for  the  roll  control  system. 

Tne  basic  roll  control  configuration  is  shown  in  fig.  1C 

- spring  tab  controlled  ailerons 
geared  trim  tab  at  the  left  wing 

- cross  relation  of  both  ailerons 

geared  tabs  at  both  wing  sides  (introduced  in 
a later  stage,  making  use  of  the  trim  tab) 

witn  the  most  important  system  parameters  described  in  fig.  17  (state  of  modification 
I).  This  lay  out  was  the  results  of  theoretical  studies  based  on  wind  tunnel  tested 
hinge  moments,  but  it  was  not  accepted  by  the  pilots  since  the  forces  were  too  high. 
With  the  necessary  modifications  (fig.  18)  the  following  problems  had  to  be  faced: 

precision  of  wind  tunnel  predicated  hinge  moments 

hinge  moment  nonlinearities 

parameter  boundaries  duo  to  the  flutter  stability  requirements 
control  system  stiffness 

- loss  of  effectiveness  due  to  adverse  tab  displacement  and  local  flow  sepa- 
ration 


- limited  tab  authority 

Inflight  hinge  moment  measurements  did  not  yield  satisfactory  results  because  of  the 
difficulty  to  measure  forces  precisely  and  because  the  parameters  could  not  be  chan- 
ged independently.  So  the  control  system  had  to  be  improved  step  by  step.  The  follo- 
wing prescriptions  had  to  be  regarded  during  this  optimisation: 

- increase  aerodynamic  balance  to  obtain  acceptable 
wheel  forces,  avoid  overbalance  in  any  condition 

- keep  parameters  (particularly  spring  stiffness  K 
and  tab  to  swingrod  ratio  N ) within  the  boundaries 
required  for  flutter  reasons 

keep  spring  tab  to  aileron  deflection  below  1 to 
maintain  full  aileron  authority 

- define  modifications  of  smallest  cost  and  time  impact. 

The  results  of  the  different  states  of  modification  are  compared  in  fig.  19.  Due  to 
the  high  spring  stiffness  in  the  first  design,  authority  was  reduced  by  high  stick 
forces  themselves  and  by  elasticity  effects  as  a consequence  of  the  high  stick  for- 
ces. The  reduction  of  spring  stiffness  (state  of  modification  II)  improved  the  forces 
but  increased  tab  deflections  to  an  undesired  degree.  So  different  means  of  stick 
force  reduction  had  to  be  applied.  To  provide  the  best  set  of  advantages  in  the  short- 
est time  four  measures  of  precaution  were  carried  out  simultaneously  (state  of  modi- 
fication III)  : 

further  reduction  of  spring  stiffness 

reduction  of  aileron  hinge  moment  slope  by  increased  leading  edge  radius 
introduction  of  geared  tabs  (variable  gear) 

- enlarged  authority  of  column  deflection 

The  most  outstanding  results  was  an  undue  sensitivity  of  roll  control  and  the  tendency 
of  overcontrol  in  combination  with  increased  lateral  gust  sensitivity  due  to  reduced 
stick  free  stability.  However  the  total  range  of  roll  control  characteristics  was  pro- 
vided now  and  an  effective  means  of  adaptation  was  available  by  the  variable  gear  of 
the  geared  tabs,  which  then  permitted  the  optimal  adjustment  (state  of  modification  V) 
as  well  as  the  investigation  of  the  effectiveness  of  spring  stiffness  anu  leading  edge 
changes  by  putting  the  gear  to  zero. 


To  maintain  full  control  effectiveness  at  low  speed  and  large  aileron  deflections  a 
differential  aileron  was  introduced  the  optimum  of  which  was  found  by  inflight  tuft 
studies . 


Although  extensive  flight  test  and  modification  work  had  to  be  done  to  find  the  final 
solution,  the  roll  control  system  could  be  kept  relatively  simple  with  regard  to  cost, 
weignt,  maintenance  and  reliability  of  the  operational  aircraft. 


5 . CONCLUDING  REMARKS 

For  the  time  being  7ot  of  certification  flight  testing  has  been  conducted,  for  the  rest 
no  technical  problems  are  expected,  so  final  certification  is  scheduled  for  middle  1974. 
We  hope  to  land  the  aircraft  as  smoothly  and  safely  in  a world  wide  market  as  in  shown 
in  fig.  2o. 
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ISA  WITHOUT  REFUELING  - 40  PASSENGERS 

HIGH  SPEEO  CRUISE  FUEL  RESERVE  FAR  121.639  (DOM  ) 


HOLDING  4SMIN 


Fig.  3 MAIN  DIMENSIONS  OF  VFW  614 


I 


DIMENSIONS 

WING  SPAN 

LENGTH 

HEIGHT 

WING  AREA 

ASPECT  RATIO 

SWEEP  ANGLE  (25V.) 

TAPER  RATIO 

21,5m  / 70  ft  6 in 
20,6m /67ft  Sin 
7,8m /25  ft  8 in 
6 4,0 mV  688  sq ft 
7,22 
15° 

0,4 

WEIGHTS 

M TOW 
MLW 

WING  LOADING, max. 

19950  kp  / 44000  lbs 
19950  kp/ 44  000  lbs 
312l<p/mV  64  Ibs/sqft 

ENGINES 

2 * RR/SNECMA  M45H 

2 * 3440  kp/ 2 * 7570  lbs 

PERFORMANCE 

CRUISE  MACH  NUMBER 
at  ALTITUDE 
RANGE 

T/O  FIELD  LENGTH  (FAR) 

0,  65 
20000  ft 

1320  km  / 710  n.m. 
4000  ft 

Fig. 


TYPICAL  SHORT  HAUL  OPERATION 


11-11 


Points  of  main  development  effort 


High  speed 

- to  minimize  additional  pod/pylon  drag 
and  buffet, 

- to  optimize  stability  and  control  with 
simple  systems, 

- to  minimize  engine  throttle  effects  , 
especially  the  effects  of  slam  deceleration 
of  both  engines  on  longitudinal  motion  as 
well  as  single  engine  throttling  on 
lateral  directional  motion. 


Low  speed 

- to  minimize  adverse  pod/pylon  effects 
on  the  stall  characteristics 

- to  minimize  wing  stall  effects  on  engine 
distortion, 

- to  optimize  the  aircraft  STO  potential 
on  stability  and  control, expecially 
under  strong  cross  wind  conditions, 

-to  provide  optimal  controllability  with 
respect  to  one  engine  inoperative, 
crosswind  etc. 

- to  finish  with  stick  free  stability 
problems  associated  with  manuel  controls 

- as  well  as  the  tail  stall  problems 
under  icing  conditions. 


Fig.  5 POINTS  OF  MAIN  DEVELOPMENT  EFFORT 
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0°~12° 

13° -14° 

15° -16° 

17'-  18° 

13°-20° 

> 20 0 

Fig.  6 STALL  PROPAGATION  / DESIGN  / MODELL  TEST 





Fig.  7 STALL  PROPAGATION  / FLIGHT  TEST 


FLIGHT  TEST 


OP  NR  2154 


Take-off,  *f  = 14° 


Landing t <f f =40° 


PERFORMANCE  TEST 
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Fig.  e STALL  PROPAGATION  / LITT 
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Elevator  Control  (gear -tab) 


hmg»  moment  coefficient  . Ch  = bo  ♦ bi  a"*  b2’  rj  ♦ bj  • rjt  with 

a*  the  local  aerofoil  incidence 
tj.t),  the  control  and  gear -tab  angle 

change  in  elevator 

hinge  moment  coefficient  ACh  = b"  • Aa  * b"  ■ At;  with 

b?  = b2»bj-  ^ 
and 

stick  force  AF  = K ■ qo>  ACh  with 

qo  the  dynamic  pressure  at  trim  point 
K constant  (stick  gearing  .boost  ratio) 


Fie.  9 ELEVATOR  CONTROL  PRINCIPLE 


center  of  gravity  shift 


Fig.  10 


ELEVATOR  CONTROL  LAY  OUT 
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Engine  failure 
during  take  off 


90 

100 

110  | 120 

130  V [C  A S] 

/MCG 

V2 

V2 

Tki 

»K.  =1° 

rig.  14 

MINIMUM 

CONTROL  SPEED 

(rLICIIT  TEST) 

Frequency  distribution  of  aileron 
force  deflection  during  cross  wind 


take  off  and  landing 


state  of  modification  (2) 
cross  wind  up  to  20  kts 


(45min.  op-time) 


state  of  modification  (§) 


cross  wind  up  to  40  kt s 


( 5 min.  op. -time  ) 


20  15  10  5 1 5 10  15 

aileron  force  aileron  deflection 

rig.  15  FREQUENCY  DISTRIBUTION  OF  ROLL  CONTROL  DEMAND  AT 
CROSS  WIND  TAKE  OTT  AND  LANDING 


pilot  input 


Spring  tab 


Spring  tab 
( balance  tab) 


. = const. 

Oo  l 

= 6$ 

Fr  = aileron  area 
Fti<  = spring  tab  area 
FTw  = geared  tab  area 
N .f 

l,  £tw,£ti<  = surface  deflections 


Fig.  16  BASIC  ROLL  CONTROL  CONFIGURATION 


LAYOUT  DATA  AILERON 


AILERON  SPRING  TAB  TRIM  TAB 


AREA  OF  HINGE  LINE  Cm2] 


2 x 1.62 


2x0,194 


0.153 


SURFACE  CHORD 


NOSE  CHORD/ 
SURFACE  CHORD 


POSITION  [“/.SEMI  SPAN]  FFqM 


MAX  SURFACE  DEFLECTION 


MAX.  CONTROL  WHEEL  DEFLECTION 


GEAR  BETWEEN  WHEEL  AND 
AILERON 


SPRING  STIFFNES 


LEADING  EDGE  SHAPE 


0,25  Ip 


70% 

98,57. 


0,0625lp 


707. 

82,37. 


0,06251m 


86.57. LEFT 

98.57.  SIDE 


ELLIPTICAL  ELLIPTICAL  ELLIPTICAL 


Fig.  17  ROLL  CONTROL  SYSTEM  PARAMETERS 
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SPRING  STIFFNES 

kpm/fod 


LEADING  EDGE  SHAPE 


GEAR  TAB/ 
AILERON 


MAX  WHEEL 
DEFLECTION 


ELLIPTICAL 


ELLIPTICAL 


CIRCULAR 


-0.8 


tllO*  t25* 


CIRCULAR 


CIRCULAR 


-0.56 


CIRCULAR 


-0,56 


STATE  OF  MODIFICATION 


MODIFICATION  STEPS  OF  ROLL  CONTROL  SYSTEM 


| Roll  Control  charoitenstic $ 

j*  V . 120  Ills  CAS 


Fig.  19  ROLL  CONTROL  CHARACTERISTICS  DEPENDING  OH 
THE  STATES  OF  MODIFICATION 
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2o  VFW  614  DURING  LANDING 
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l)lf<i:cr  1.1  FT  CONTIiOL  Al'I’l.  K’ATI  ONS  TO  THANS1*<)HT  AIHCHAFT 


A U.K,  VIEWPOINT 


M,  It.  Smith 

Group  hornier  - Aerodynamics  Dept. 
Commorc I nl  Aircraft  Division  (Woy bridge) 
British  Aircraft  Corporation 


SI ’MM AH Y 


The  longitudinal  controllability  of  large  convent ional  transport 
aircraft  during  the  approaeli  and  landing  flight  phases,  and  of  conventional 
high  lift  1 STOL 1 aircraft  during  short  land  liars , is  discussed. 


Til  • advantage  ol  a direct  lift  control  system  (DLC)  is  indicated, 
and  a practical  design,  using  wing  spoilers,  is  described,  with  its  disad- 
vantages. 


T icoret icnl  nn<l  flight  simulator  investigations  on  the  VC. 10  air- 
craft, and  the  MAC  1-11  aircraft  are  described,  together  with  investigations 
of  similar  systems  for  improving  the  automatic  landing  of  current  British  jet 
aircraft.  Some  recent  investigations  on  a I)1X?  application  to  a STOL  aircraft 
ai*  noted. 


It  is  concluded  that  DI.C  applications  can  improve  controllability  and 
performance  for  most  transport  aircraft,  A more  detailed  study  is  required 
for  each  application  before  its  true  value  can  be  assessed,  even  for  large 
transport  aircraft.  Application  of  l)LC  to  conventional  lift  STOL  aircraft 
looks  attractive  for  achieving  satisfactory  flare  performance. 


I 


1,  INTHOIKKTION 

During  tho  Inst  few  years,  vurlouH  studies  and  applications  of  diroct  lift  control  (DLC)  huvo  boon 
reported  on.  Most  of  those  applications  of  DLC  have  boon  on  American  aircraft.  This  paper  discusses 

some  of  the  studies  and  applications  of  DLC  as  carried  out  or  to  be  carried  out  in  tho  United  Kingdom, 
particularly  as  regards  application  to  jet  transport  aircraft,  although  it  is  fair  to  Hay  that  there  has 
been  less  activity  on  1)1X7  in  the  small  aircraft  military  sphere. 

2,  INITIAL  STl  D1  i:S  OF  CONTROl.LAHl  L1TV 

(a ) Conventional  aircraft  (CTOL) 

Initial  consideration  of  l)LC  during  the  late  19(3  O' s was  related  to  the  apparent  need 
to  improve  controllability,  especially  during  the  land in#  approach  phase,  of  the  larger 
transport  aircraft  being  considered  at  that  time?.  For  example,  UAC  were  working  on  a large 
twin  design  (HAC  3-11),  The  problem  identified  was  of  course  the  sluggish  pitch  response 
expected  of  the  1 arger  aircraft,  es|>eclal]v  during  the  critical  landing  approach  flight  phase. 
The  situation  was  considered  from  experience  on  the  HAC  1-11  (a  small  rear -engined  aircraft) 
and  the  VC. 10  (a  largo  rear-engined  aircraft).  These  aircraft  have  good  handling  qualities. 
Figure  1 shows  the  response  to  elevator  during  the  landing  approach  for  a range  of  aircraft 
including  the'  above*,  the*  interest  being  in  the  initial  response,  so  that  the  c.g.  position 
is  not  too  important.  Tin*  more  sluggish  pitch  response  could  be  compensated  for  by  using 
bigger  elevator  inputs,  restoring  most  of  the  incidence  (and  *g')  response.  Tho  latter 

provides  the*  lift  to  control  the  flight  path.  This  argument  was  the  basis  for  proposing 
manoeuvre*  boost,  i.e,  automatic  augnie*ntation  of  pi  1 ot-demunded  olevutor  inputs,  on  at  le*ast 
one  large*  aircraft.  However,  this  could  lend  te>  an  over-controlling  tendency,  especially 
on  tiie*  aft  c.g.,  with  the*  longer  response  times  and  lower  pilch  stiffness. 

(1) ) Short  landing  aircraft  (ST01-) 

At  the*  same  time  as  the  larger  aircraft  were  bc*mg  considered,  design  studies  of  various 
STOL  aircraft  wore  being  carried  out.  HAC,  for  example?,  were*  looking  at  a conventional  STOL 
aircraft  with  a powerful  high  lift  system.  Approach  speed  for  this  uireruft  is  90  knots. 

Again,  slow  pitch  response  is  to  be  e*xpecte»d  at  slow  speeds,  due*  to  the  lower  elevator  effc*c- 
tivenoss,  as  illustrated  in  Figure  2.  Again,  larger  control  inputs  would  recti f>  that 
situation.  Hut  this  means  that  with  ft  conventional  control  system  the*  pilot  is  having  to 
pi  tcli  the*  aircraft  through  a larger  attitude  change  for  a required  'g1  response,  compared  with 
a conventional  aircraft.  Now  in  addition  to  this,  STOL  performance  is  associated  with  steep 
approaches,  to  minimise  the*  airborne*  segment  of  the  landing  distance*.  Calculations  of  a 
simplified  (constant  'g*  ) flare  manoc*uvre,  Figure  3,  indicate*  that,  compared  with  a conven- 
tional flare*,  more  'g'  must  he*  applie*d,  and  there  is  less  time*  to  achieve*  it,  because  of 
tho  limited  time  for  tho  flare,  and  tho  lag  in  the*  elevator  response  as  indicated  in  Figure  2, 
it  will  be  difficult  for  the?  pilot,  with  a conventional  control  system,  to  achieve  a consist- 
ently sat isf actors  landing  performance.  Significant  variations  of  rate  of  descent  at  touch- 
down and  of  touchdown  point  will  he  probable,  seriously  affecting  the  expected  landing 
performance. 

3,  CONTROLLAB1  Lm  WITH  DLC  SYSTEMS 

The  above  discussions  indicate  Ur  need  to  improve  controllability  for  certain  types  of  aircraft  and 
for  certain  flight  phases.  The  improvements  are  in  the  sense  of  giving  quicker  *g*  response,  i.e,  more 
direct  control  of  lift,  than  is  achieved  with  a conventional  control  system.  Various  devices  can  bo  used 
for  this,  such  as  quick  acting  flaps,  drooped  ailerons,  airbrakes  or  oven  powered  lift.  For  the  aircraft 
considered  in  this  paper,  the  requirement  for  DLC  is  for  the  landing  approach  phase  only.  This  means 
that  a conventional  control  system  can  be  considered  in  the  least  complicated  way,  e.g.  without  extra 
cockpit  controls. 

Spoilers  acting  in  front  of  the  high  lift  flap  system  can  provide  adequate  control  of  lift  and  are 
a good  choice  since  most  current  or  projected  aircraft  have  them,  they  have  quite  rapid  actuation  rates, 
and  often  arc*  arranged  to  lie*  used  as  both  airbrakes  (symmetric  operation)  and  spoilers  (asymmetric  opera- 
tion). A DLC  mode  therefore  involves  little  more  than  making  the  spoiler  a primary  rather  than  a 
secondary  longitudinal  control. 

There  are  disadvantages  with  using  spoilers.  Obviously  they  must  he  set  at  some  intermediate 
setting  to  provide  both  positive  and  negative  lift  control.  They  may  still  have  the  desired  overall 
control  of  lift  (equivalent  to  at  least  ~ .1  *g*  ) provided  they  cover  sufficient  span  of  the*  wing,  say 
30k § hut  are  likely  to  have  non-linear  characteristics.  Venting  the  base*  of  the  spoiler  reduces  the?  non- 
linearity at  small  angles.  Care*  should  lie  taken  in  relying  on  wind  tunnel  testing  for  this  data,  because 
of  the  unpredictability  of  scale  effects.  There  can  be*  significant  effects  on  pitching  moments  due*  to 

spoiler  deflection.  These  effects  will  depend  on  the*  position  of  the*  spoilers  on  the*  wing,  and  the 
position  of  the  tail.  For  the?  HAC  1-11  aircraft,  deflection  of  spoilers  causes  a nose-up  pitching  moment, 
almost  entirely  due  to  the  effects  on  the*  wing  lift,  and  this  tends  to  reduce?  the*  effects  of  the  spoilers 
as  a DLC  device,  once  the  aircraft  starts  te>  respond. 

This  indicates  that  pitch  compensation  is  required  with  DLC  using  spoilers,  and  a complete  DLC 
system,  along  the*  lines  indicated  above,  is  shown  d iagrnmmnt icnl ly  in  Figure  *1.  Movement  of  the  main 
control  circuit  near  the  stick  is  sonsc*el  electrically,  and  the*  signal,  modifi<?d  by  filters,  used  to  drive 
the  spoilers  (pure  DLC  line)  anel  to  adel  to  the*  pilot  commanded  elevator  (pitch  compensation  line).  The 
filter  in  the*  DLC  line*  can  compensate  for  spoiler  non-linearity, 

investigation  of  a typical  aircraft  response  to  control  inputs  is  shown  on  Figure  5,  and  it  is 
indicated  that  since  the  elevator  can  ultimately  provide*  satisfactory  • g*  response,  the  DLC  line  can 
he  washed  out.  The  objective  is  to  ge*l  the*  best  compromise*  'g1  response  for  a step  stick  input,  for 
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the  extreme  fore  mill  aft  c.g. •«,  Thin  indleutoH  that  the  pitch  cottipenHiition  11m*  miiHt  ill  ho  he*  worthed 
out,  with  a different  lime  constant.  A high  gain  between  h 1 1 c*k  and  spoilers  1h  required,  because  of  the 
lover  *g*  capability  of  the  spoilers,  compared  with  elevator.  The  wohIioiiI  effect  1h  advantageous  here, 
for  the  otherwise  direct  connection  between  stick  and  spoilers  would  lend  to  complete  saturation  after 
small  stick  inputs,  and  any  offset  due  to  mis-r Igging,  or  trim,  or  pulling  1 g 1 in  a steady  manoeuvre, 
would  give  non-linear  control. 

1 . U,K . RESEARCH 


Having  described  n practical  version  of  I)Ia7,  the  question  remained  as  to  the  handling  benefits  it 
brings.  The  provision  of  good  handling  qualities  is  a complex  and  difficult  task,  and  theory  is  not 
always  validated  by  practical  experience.  original  1 lives ti Rations  were  made  at  the  Moyal  Aircraft 
Kstabl lshmont  (RAF)  hy  Pinsker  (Theoretical  studies,  deference  1)  and  by  Tomlinson  (Flight  simulation, 
deference  li).  Fur t her  Investigations  were  as  follows. 

( i)  VC.  10  with  a DLC  system 


This  was  a flight  simulator  investigation  at  MAC  to  determine  what  advantages  there 

were  in  applying  a DLC  system  to  the  largest  Jet  transport  yet  built  in  the  U.K.  The 

emphasis  in  the  program  was  to  establish  the  relative  merits  of  the  basic  aircraft  handling, 
and  the  handling  with  DLC  alone,  and  then  with  DI£  and  pitch  compensation.  The  system 

was  of  the  type  described  above,  the  gains  and  washout h being  chosen  after  reviewing  the 

stop  response  data,  and  were  as  follows:- 

Dl/J  - Spoiler  angle  equals  9 times  the  demanded  elevator  angle,  with  a washout  time 
constant  of  3 seconds. 

Pitch  Compensation  - Elevator  angle  equals  and  adds  to- the  demanded  elevator  angle, 
witn  a washout  time  constant  of  1 second. 

Tie  i.nsk  performed  was  instrument  approaches  tracking  the  raw  I.L.S.,  followed  by  a 
visual  final  approach  and  landing.  Performance  was  assessed  by  pi  lot  comments  and  ratings, 
and  by  a statistical  measure  of  tracking  performance,  after  sampling  the  glide  slope  (and 
local! Her)  deviation  at  90  points  during  t ho  latter  stage  of  each  appioach. 

The  statistical  data  did  not  show  a significant  difference  between  the  various  configura- 
tions. This  was  considered  to  bo  clue  to  the  way  the  pilots  flew  the  simulator,  i.o,  they 
we»*e  flying  a normal  type  of  instrument  approach,  which  was  only  tight  at  the  end  of  the 
approach.  This  view  was  supported  hy  the  measurements  made  of  landing  performance  with  the 
various  configurations.  Here  data  showed  that  the  pilots  achieved  better  landing  performance 
(reduced  touchdown  point  scatter  and  sink  rate  velocity  at  touchdown)  with  DLC,  and  further 
improvement  with  DLC  and  pitch  compensation.  For  example*  at  a given  level  of  probability 
the  sink  rate  at  touchdown  was  about  155  less  with  DLC,  and  about  3(fr  less  with  DLC  and  pitch 
compensation,  despite  the  limitations  of  the  simulator  for  measurements  during  this  flight 
phase.  Although  the  handling  of  the  basic  aircraft  is  worse  on  the  aft  c.g, , and  this  was 
also  found  on  the  simulator,  results  indicated  that  if  DI£  and  pitch  compensation  were  in- 
corporated, the  differences  between  fore  and  aft  c.g.  configuration  wore  reduced. 

• See  Fig  0 

For  the  approach  phase,  pilots*  comments  indicated  that,  despite  the  performance  results, 
the  handling  was  improved  if  DLC  was  incorporated  with  pitch  compensation,  DLC  alone*  was 
not  generally  liked,  since  although  it  did  help  flight  path  control  (control  of  vertical 
speed  on  VSJ),  it  was  too  sluggish  in  pitch.  This  reflects  the  fact  that  pilot  opinion 
is  based  on  both  flight  path  control  and  attitude  control.  The*  combination  of  DLC  and  pitch 
compensation  helps  both  these  components.  An  overall  conclusion  was  that  the  approach  task 
wpn  rated  at  *1  on  the  Cooper  scale  for  the  basic  aircraft  and  3 with  DLC  and  pitch  compensa- 
tion. This  investigation  is  reported  in  Reference  3. 

(b)  Conventional  aircraft  with  DLC  under  automatic  control 


11  was  felt  that  perhaps  automatic  control  might  gain  more  from  incorporation  of  a DLC 
mode,  since  it  would  not  be  constrained  by  pilot  controllability  requirements.  A preliminary 
theoretical  investigation  was  therefore  carried  out  at  the  Avionics  Department  of  the  RAE  on 
a range  of  transport  aircraft  with  and  without  a representative  DLC  system.  This  work  is 
about  to  be  published  (Reference  4)  and  will  only  bo  mentioned  here.  A parameter  optimisa- 
tion technique  was  used  to  determine  autopilot  control  laws,  and  it  was  found  that  provided 
the  DLC  authority  was  high  or  had  high  gain,  both  pitch  activity  and  deviations  from  the 
beam,  in  turbulence,  could  be  reduced,  (Typically  J x RMS  pitch  activity,  $ x RMS  vortical 
velocity).  Also  there  was  a reduction  in  scatter  of  touchdown  velocity  and  touchdown  point. 

In  parallel  with  the  above  investigations,  Smiths  Industries  Limited  investigated 
theoretically  the  application  of  a DLC  system  to  the  Hawker  Siddeley  Trident  under  control 
of  an  autopilot,  (Reference  5).  Under  automatic  control,  ideally  the  elevator  could 
maintain  constant  pitch  attitude,  with  DLC  to  control  vertical  flight  path.  However, 
spoilers  on  the  wing  were  considered  as  the  DLC  aerodynamic  control,  and  again  because 
of  their  limited  control  of  lift  wore  used  to  augment,  rather  than  replace  the  incidence- 
induced  lift  due  to  elevator.  The  DLC  was  investigated  for  simulated  automatic  approaches 
and  landing  starting  from  200  feet  altitude  on  a 2^°  beam.  The  main  purpose  of  the  investi- 
gation was  to  determine  improvements  in  flare  performance  due  to  DLC.  Since  the  existing 
Trident  system  is  satisfactory  in  normal  conditions,  investigations  were  made  in  high  turbu- 
lence conditions,  associated  with  a wind  strength  of  20  knots.  It  was  found  that  performance 
w,i3  substantially  improved.  In  general  the  scatters  of  all  the  significant  touchdown 
variables  had  been  reduced  to  about  one  half  of  their  original  values  by  suitable  approaches, 
and  it  was  possible  to  land  the  Trident  from  a 5 degree  glideslopo  in  the  presence  of  shear 
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mid  turbulenco  with  very  wood  retail  Ih, 

(c)  HAC  1-11  with  ii  l)l£  system 

From  the  above  investigations  It  was  evident  that.  DLC  hud  uaoful  application,  hut 
required  evaluation  in  flight  conditions,  particularly  the  mununl  application  of  DU’,  hut 
also  the  application  to  uutonmtic  control. 

Accordingly,  tho  blind  bnndintf  Experimental  Unit  of  ItAE  purchased  a second-hand 
I3AC  1-11,  and  this  hus  been  fitted  out  with  a DU'  system.  The  manual  system  is  along 
the  lines  already  indicated,  and  will  ho  evaluated  by  ItAE  Aeroflight. 

The  aircraft  is  now  in  tho  flight  line,  hut  prior  to  this  stage  a further  evaluation 
of  DU  by  flight  simulation  hud  been  considered  doairnhle.  The  simulation  was  curried  out 
on  the  5-uxis  motion  Flight  Simulator  at  BAC,  since  it  was  evident  that  motion  was  particu- 
larly important  for  a critical  evluation  of  DU,  Tho  previous  Investigations  had  indicated 
that  tho  moat  benefit  from  DLC  would  be  in  tho  final  lunding  approach  and  flare  manoeuvre. 
Since  tho  simulator  did  not  have  nn  adequate  visual  display,  the  task  on  the  simulator  was 
to  track  tho  raw  l.L.S.  with  a fixed,  high  sensitivity,  equivalent  to  that  of  nn  l.L.S,  when 
passing  through  tho  50  foot  point  on  a 3°  appronch.  This  could  not  bo  tracked  witli  the 
conventional  elevator  control,  hut  was  sufficiently  demanding  to  show  up  differences  between 
various  DU  systems.  The  purpose  of  the  investigation  was  to  indicnto  the  best  system  for 
iiitjnl  evaluation  on  the  aircraft.  The  Investigation  is  reported  in  Deference  C. 

The  DU  parameters  varied  were  DU  washout,  and  ovorc.il  gain.  Evaluation  was  made 
by  pilots'  comments  and  by  statistical  nnalysiu  of  measured  performance  and  workload,  by 
sampling  glide  slope  error  and  stick  movement  a large  number  of  times  during  each  approach, 
and  determining  standard  deviations,  for  the  configuration  of  that  approach. 

Each  run  was  set  up  starting  on  the  beam  with  low  l.L.S,  sensitivity  and  slowly  in- 
creasing the  sensitivity  to  the  required  level,  before  evaluation  started.  Only  light 
turbulence  was  simulated,  to  'mask'  slight  roughness  in  the  motion  system.  The  levels 
of  turbulence  normally  used  would  have  affected  tho  l.L.S.  pointer  too  much  nt  the  high 
sensitivities  required  in  the  evaluation. 
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Figures  7 and  8 show  examples  of  how  performance  varied  ns  DLC  parameters  were  varied, 
ii  turn.  Tho  datum  values  for  each  parameter  was  determined  by  theoretical  investigation. 
The  data  generally  substantiated  the  theoretical  findings,  except  that  tho  pitch  compensation 
washout  could  he  increased  (to  say  t sec,),  and  correlated  with  pilots'  qualitative  assess- 
ment, except  that  they  did  not  like  the  system  without  pitch  compensation,  since  it  appeared 
to  them  more  difficult  to  fly  because  of  the  unconventional  nature  of  the  response. 

With  the  above  datum  system,  some  conventional  raw  l.L.S.  approaches  were  also  carried 
out.  qualitatively,  the  pilots  rated  these  only  slightly  better  than  with  the  basic  air- 
craft, perhaps  half  better  on  the  Cooper  scale,  from  3$  to  3,  A more  significant  improve- 
ment was  obtained  when  using  the  flight  director.  This  shows  that  DLC  is  one  of  perhaps 
several  ways  of  improving  the  handling  qualities  of  an  aircraft  for  a specific  task, 

(d)  BAC  STOL  aircraft  with  a DLC  system 

The  BAC  STOL  aircraft,  mentioned  earlier,  is  the  subject  of  a current  theoretical  and 
flight  simulator  handling  assessment  at  BAC  and  RAE.  This  project  aircraft  uses  a high 
lift  system  to  make  steep,  slow  approaches  into  short  airstrips.  Investigation  of  a DLC 
system  for  manual  flying  has  not  yet  been  carried  out,  but  some  of  the  investigations  of 
the  flare  manoeuvre  under  automatic  control  have  been  completed.  So  far  no  satisfactory 
control  laws  have  been  found  for  elevator  and  throttle  to  achieve  satisfactory  flare  perform- 
ance, for  all  configurations,  tolerances  and  certificablo  wind  conditions  and  turbulence. 
However,  a promising  control  law  was  founil  using  a combination  of  step  elevator  and  step 
DLC  (spoiler)  at  flare  initiation  height,  with  closed  loop  control  on  the  DLC  for  precise 
control  of  the  flare.*  The  elevator  step  was  to  provide  some  of  the  lift  required  for  flare 
by  changing  the  aircraft  incidence,  as  well  as  to  compensate  for  the  adverse  pitching 
moments  duo  to  ground  effect;  tho  latter  is  significant  for  high  lift  STOL  aircraft,  even 
with  a high  wing  and  T-tail.  The  DLC  step  was  also  to  provide  lift  for  the  flare,  but 
since  DLC  authority  was  required  for  closed  loop  control  after  the  initiation  of  flare, 
the  initial  step  must  be  washed  out,  which  can  be  compensated  for  by  a larger  elevator 
input,  or  tho  step  must  bo  backed  off,  which  limits  the  effectiveness  of  the  DLC,  It  is 
worth  noting  that  speed  loss  in  the  flare  is  significant  for  high  lift  STOL  aircraft,  and 
can  arise  due  to  the  large  change  in  uxial  force,  along  the  flight  path,  due  to  loss  of 
the  gravity  component  in  the  flare.  Application  of  DIX  in  the  way  described  reduces  the 
drag  in  this  critical  phase,  and  helps  to  maintain  tho  airspeed. 

* See  Fig  9 

SAFETY  ASPECTS  OF  DLC 


It  is  not  intended  to  cover  the  safety  aspects  of  incorporating  DLC  fully,  although  they  are 
obviously  important.  For  the  systems  described,  the  DLC  authorities  are  low,  and  the  safety  problems 
can  be  solved,  For  example,  the  RAE  1-11  has  a simplex  system.  Ilardovers  were  investigated  on  the 
simulator  and  during  tho  clearance  flying  and  found  acceptable. 

It  is  worth  noting  that  incorporating’  DLC  for  both  manual  and  automatic  modes  may  require  compromise; 
e.g.  the  pilot  would  not  be  aware  of  the  elevator  movement  due  to  pitch  compensation  in  the  manual  mode, 
whereas  conventional  autopilots  are  designed  to  move  the  control  column  proportional  to  their  use  of  con- 
trol surface. 
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An  airworthiness  aspect  worth  comment  relates  to  tho  mnrginB  Inherent  in  the  allowable  operating 
spoods.  For  the  landing  approach,  compared  with  a convontionul  configuration,  an  aircraft  with  DLC 
using  airbrakes  will  fly  at  n higher  incidence  for  n given  spood,  Sinco  tho  stalling  incidence  iB  not 
li’toly  to  change  significantly  with  airbrakes  doQectod,  then  the  incidence  margin  is  Iobb,  unless  tho 
speed  la  increaaed,  Typicnlly  this  would  lie  of  the  order  of  4 knots.  In  fact,  the  approach  spoodB 
for  n STOL  aircraft  mny  not  need  to  be  increased  as  much,  since  tho  target  upproach  speed  may  well  bo 
determined  by  the  noed  to  demonstrate  a satisfactory  flare  from  an  upprouch  at  target  approach  spoed 
minus  a margin  (typically  5 knots).  This  could  bo  dictated  by  the  maximum  lift  available  in  ground 
effect,  resulting  in  an  increased  margin  of  lift  for  a normal  approach.  This  is  illustrated  in 
Figure  10,  It  can  bo  argued  that  DLC  would  not  affect  the  maximum  lift  in  ground  effect,  since  in  the 
critical  case,  flare  off  a slow  approach,  it  will  certainly  be  providing  significant  lift  augmentation, 
with  the  spoilers  in, 

0.  COW  LUSIONS 

1.  Application  of  DLC  can  improve  controllability  and  performance  for  most  transport 
aircraft.  A more  detailed  study  is  required  for  each  application  before  its  true 
value  can  he  assessed,  even  for  large  aircraft. 

2.  Application  of  DLC  to  conventional  high  lift  STOL  aircraft  looks  attractive  for  achieving 
satisfactory  flare  perforrance. 

3.  DLC  is  only  one  of  perhaps  several  ways  of  improving  aircraft  handling  qualities,  and 
is  not  necessarily  tho  best. 

4.  DLC  is  at  least  as  important  for  improving  performance  under  automatic  control  as  for 
manual  control. 

5.  A practical  DLC,  if  required,  can  be  achieved  relatively  easily;  it  will  probably 
augment  the  conventional  elevator  control  and  require  a pitch  compensation  feature. 


7.  REFERENCES 

1.  W.  J.  G.  Pinsker 


2.  B.  N.  Tomlinson 


3.  A,  G.  Barnes, 

D,  E.  Houghton  K. 
C.  Cole lough 


5.  ?.  II.  Collins  & 
K,  J.  Howes 

6.  J.  W.  Gilbert  8. 
M.  R.  Smith 


The  control  characteristics  of  aircraft  employing 
direct  lift  control. 

AHC  R Ul  3629  May  1968. 

Direct  lift  control  in  a large  transport  aircraft  - 
a simulator  study  of  proportional  DLC. 

RAE  TR  72154  November  1972. 

A simulator  study  of  direct  lift  control, 

BAC  (MAD)  Report  Ae  312, 

October  1970. 

RAE  TR  74013  (to  be  published) 

Application  of  direct  lift  control  to  automatic  landing. 
Smiths  Industries  Ltd,  Rep.  RID,  1292  April  1972. 

A theoretical  and  flight  simulator  investigation  of  a 
direct  lift  control  system  for  a BAC  One-Eleven  aircraft, 
BAC  (CAD)  Report  Aero/SHC/160  September  1972. 


m 


mM 


12-6 


Fig.1 


RESPONSE  OF  CTOL  A 

RCRAFT 

TO  STEP  STICK  INPUTS 

Fig.2 

RESPONSE  OF  STOL  AIRCRAFT  TO  STEP  STICK 

INPUTS 


Landing  approach 
configuration 


(a)  Incremental  G response  (b)  Incremental  pitch 

response 

(degs) 


CHARACTERISTICS  OF  IDEALISED  FLARE 
MANOEUVREf 
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CTOL  aircraft,  from  3'approach  at  120  knots 
STOL  aircraft  from  71/2°  approach  at  90  knots 


Fig.  4 

THE  COMPLETE  DIRECT  LIFT  CONTROL  SYSTEM 
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Fig.  5 


Response  to  a step  stick  command  input 

WITH  THE  DIRECT  LIFT  CONTROL  SYSTEM 
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Fig  6 


DLC+  Pitch  compensation 
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Fig.  7 


PERFORMANCE  ON  THE  GLIDESLOPE  WITH  VARIATION 
OF  PITCH  COMPENSATION  CHARACTERISTICS 
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PERFORMANCE  ON  THE  GLIDESLOPE  WITH  VARIATION 
OF  DIRECr  UFT  CONTROL  SYSTEM  CHARACTERISTICS 
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LIFT  CURVES  FOR  A REPRESENTATIVE  STOL 

AIRCRAFT 
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EXAMPLE  OF  USE  OF  SPOILERS  FOR  STOL  FLARE 


Flare  initiation 


(a)  Flare  profile 


Ground 


(b)  Datum  elevator  angle  program 


(c)  Datum  spoiler  angle  program 


INVESTIGATIONS  ON  DIRECT  FORCE  CONTIIOI,  Mill  (TV  A 1 KORA FT 
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Pr.  Wolfgang  J.  Kuhhnt 
Head  of  Guidance  ond  Control  Department 
Messerschmi tt,  Ik  1 lu>w,  lllnlmi  GmbH 
Ottolirunn  Pci  tiiincheii 
Federal  Republic  of  Germany 

i.  lmomicniM 

In  recent  years  a number  of  i rivestigni  i ons  into  the  application  of  CCV  methods  in  the  designing 
of  new  aircraft  Pave  Peen  carried  out. 

The  main  reasons  behind  thia  work  ran  Pe  defined  aa  followal 

a.  it  has  Peen  shown  that  modern  aircraft  without  feed-ParK  control  systems,  on  the  whole, 
no  longer  serve  their  purpose,  and  that 

P.  in  more  complex  aircraft  designs,  the  control  system  is  an  important  safety 
factor,  and 

c.  it  was  also  proved  that 

better  performance  could  he  achieved 

weight  reduced,  and 

life  expectancy  prolonged 

by  mailing  use  of  the  possibilities  offered  by  the  implementation  of  control  techniques 
during  the  design  phase. 

The  main  activities  involved  in  the  CCV  work  are  divided  up  as  follows: 
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2.  DIRECT  FORCE  CONTROL 

The  "conventional"  aircraft  is  controlled  mainly  bv  moments.  In  most  cases,  continuous  use  is 
no  longer  made  of  the  thrust  control. 

For  certain  mission  phases,  especially  during 

weapon  delivery  and 

land i ng 

it  would  Pe  advantageous  to  control  the  flight  path  without  attitude  changes.  This  can  be  achieved 
by  using  I)FC. 


Furthermore,  under  certain  conditions,  it  is  possible  to  increase  the  forces  nnd  moments  which 
could  still  be  introduced  to  the  aircraft  and  thus  shorten  the  response  time  of  the  aircraft. 


In  addition,  there  nrc  further  applications  of  IIFC  which  have  effect  locally.  The  following 
gives  a general  picture! 
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The  new  control  pose i hi  1 i ti es  have,  in  fact,  no  exclusive  effect  in  any  one  direction.  For 
instance,  there  is  normally  an  inseparable  connexion  between  additional  lift  and  additional  drag, 
etc. 

The  previous  figure  shows,  additionally,  that  certain  controls  cun  he  used  for  various  purposes. 
The  ailerons,  for  example,  can  he  operated  for  the  control  of  the  rigid  aircraft  motion,  as  well 
as  for  the  control  of  the  elastic  wing  motions  (Manoeuvre  Load  Control),  The  figure  demonstrates 
at  least,  that  IIFC  is  not.  an  end  in  itself,  hut  a means  of  following  the  basic  (XV  idea. 

1 . ILL  C MIliUm  AI'UHOACH  ANfl  LANDING 

"5.1.  Hefinition  of  Objective 

The  previous  comments  have  shown  that  a number  of  new  possibilities  exist.  On  the  other  hand, 
the  introduction  of  new  controls  into  the  aircraft  often  necessitates  a considerable  amount  of 
effort.,  and  eventually,  in  this  connexion,  the  safety  question  has  to  be  mentioned. 

It  is  the  objective  of  this  paper  to  make  certain  assertions  on  UFO  in  (XV  aircraft,  especially 
in  connexion  with  the  landing.  from  this  the  following  points  nrise: 

• The  influence  of  the  new  controls  on  the  natural  stability 
t The  influence  of  DFC  on  the  controllability  of  the  aircraft 

a The  integration  of  IIFC  with  the  control  svstem  in  (XV  designs 

• The  behaviour  of  (XV  aircraft  with  IIFC  during  approarh  and  landing 

• The  relationship  of  the  results  presented  to  the  basic  (XV  idea. 

1 . J . 1 nfluence  of  1)K’  on  the  Stability  of  the  Uncontrolled  Aircraft 

Fssential  feature  of  the  (XV  design  is  the  need  for  a control  system  to  form  an  indispensable 
component  of  the  design,  thus  accepting  the  unstable  behaviour  of  the  free,  uncontrolled  air- 
craft. The  question  of  stability  in  the  free  aircraft  is  nevertheless  of  importance,  ns  it  must 
be  regarded  in  connexion  with  the  question  of  safety.  Depending  on  the  behaviour  of  the  uncon- 
trolled aircraft.,  measures  for  the  avoidance  of  unst.nhle  behaviour,  in  the  case  of  the  failure 
of  the  control  system,  must  he  undertaken.  (lledundnncy  measures.) 

To  get  a systematic  answer  the  state  variable  form  of  the  equation  of  motion  of  the  aircraft  was 
used . 

The  general  form 

x = Fx  + Gu 

contains,  in  x,  the  variables  describing  the  motions,  and,  in  u,  the  controls. 
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Thi!  introduction  of  new  controls  obviously  has  an  effect  on  the  dimension  and  adds  elements  to 
ttip  control  matrix  fi. 

Under  certain  circumstances  this  has,  additionally,  a considerable  influence  on  the  elements  of 
the  system  matrix  F . 

The  modification  of  the  elements,  and  the  alteration  of  the  eigenvalues  connected  with  it,  lead 
to  an  undesirable  change  in  the  behaviour  of  the  aircraft. 

It  is  impossible  to  give  a detailed  derivation  within  the  available  framework,  and  on  hand  of 
certain  examples  it  will  be  indicated  that,  in  any  case,  it  is  necessary  to  calculate  stability 
and  controllability  in  their  dependence  on  the  new  controls  and  the  necessary  conf igurati ve 
measures , 


MEASURE 


INFLUENCE  ON 
NATURAL  STABILITY 


negligible 


Thrust  Vector  Control 


positive, 

because -decrees? 

CD 

increases  phugoid- damping 


Speed  Brokes  ; 

negative, 
because  of 
C^p  -alteration  until 
unstable 

05FC  by  means  of  Ventral /Cfcrsal  Fins  I Fig ■ 4 


Finally,  it  should  he  noted,  that  a possible  de-stabilisation  of  the  aircraft  is  not  a serious 
problem,  as  it  can  be  re-stabilised  by  means  of  control  techniques;  on  the  contrary,  one  of  the 
main  features  of  CCV  design  is  to  accept  instability,  in  order  to  decrease  weight  and  increase 
performance . 
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3.3.  Influtncf  of  DFC  on  tin*  Controllahl  1 i tv  of  Aircraft 

The  introduction  of  new  control"  with  record  to  control lobi 1 i ty  can  have  aeverol  aspectsi 

• the  achievement  of  complete  controllability 

• the  increase  in  the  decree  of  freedom  of  controllability 

• the  introduction  of  higher  forces  and  moments  for  shortening  the  response  time 

• technical  aspects,  such  as  more  favourable  distribution  of  the  forces  to  bo 
i ntrodnced , 

Further,  a brief  remark  on  system  theory. 

■5.1.1.  Fontro  liability 
is  apparent  if  the  matrix  r 

0,  FG,  F2G,  F\  . 

has  the  necessary  rank  n,  where  n is  the  dimension  of  the  quadratic  mntrix  F. 
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The  condition  for  controllability,  regarding  the  longitudinal  motion  of  the  aircraft,  is  generally 
not  accomplished,  if  the  aircraft  control  makes  use  only  of  the  taileron.  The  joint  use  of  the 
taileron  and  an  x-force  (i.e.  thrust  control  or  drag  control)  generally  fulfills  the  condition. 

In  so  far  as  controllability  is  already  present  (which  is  generally  the  case)  the  additional 
controls  have  two  aspects,  one  mathematical  and  one  technical. 

An  existing  system  may  be  increased  with  the  addition  of  a new  control. 

If  the  rank  of  fi  were  not  to  increase,  from  the  point  of  view  of  the  systems  theory,  then  nothing 
lias  been  gained.  This  is  the  case,  for  example,  if  thrust  control  is  existent  and  an  additional 
drag  control  is  introduced.  This  example,  however,  also  shows  that  a theoretical  consideration 
has  to  he  completed  by  technical  considerations,  ns  during  landing  a drag  control  would  be  more 
favourable,  since  it  avoids  fast  changes  in  thrust.  On  the  other  hand,  use  is  not  normally  made 
of  drag  control  whilst  cruising  or  manoeuvring  at  high  speed. 

If  the  rank  of  G has  increased,  there  is  also  a theoretical  gain,  as  the  number  of  independently 
controllable  variables  increases  also. 

With  the  increase  in  the  number  of  controls  the  energy  appliable  could  be  increased,  thus  shor- 
tening the  response  time. 

3 , U . Jn tegration  of  DFC  in  CCV  Aircraft  Control  Systems 

As  long  as  the  aircraft  is  nuturallv  stable,  it  may  be  justifiably  asked,  how  these  new  controls 
are  to  be  integrated  into  the  pilot's  control  system.  This  is,  however,  not  a point  under  dis- 
mission, ns  it  bus  been  assumed  tlmi  CCV  aircraft,  are  not  usually  controllable  manually.  The  only 
possibility  considered,  therefore,  is  to  include  the  new  controls  in  an  automatic  control  system. 

For  safety  reasons  this  would  be  n redundant  (fly  by  wire)  system,  but  this  ulso  is  not  a matter 
under  discussion  in  this  paper. 

Since  the  method  used  is  of  great  importance,  a short  summnrv  follows. 

We  begin  with  the  linearised  equation  of  motion  in  state  variable  form 

x = lx  + Gu  ( 1 ) 

All  following  results  have  been  achieved  by  the  use  of  digital  control.  Therefore  the  subsequent 
statements  have  used  the  discrete  form. 

As  is  well  known,  for  a constant  sampling  period  T,  in  which  the  controls  u are  not  altered,  the 
results  are: 
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(transition  matrix) (3) 
Gdr  (control  matrix)^) 


The  given  task 

a,  to  stabilise  the  aircraft,  and 

b.  to  solve  the  guidance  problem 

can  be  solved  hy  the  introduction  of  the  digital  controller  K. 
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CONTROLLED  DISCRETE  PROCESS 
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Here  are  two  points  of  control  theory  (proof  of  which  is  not  supplied  here): 

• if  the  complete  state  vector  x is  fed  buck,  use  is  being  made  of  the  most 
complete  information  about  the  state  of  the  flight.  Ilverv  other  combination 
of  measurements  is  merely  able  to  describe  this  state  in  a different  form, 
hut  certainly  not  in  a better  one, 

• only  if  each  variable  has  influence  on  each  control  output,  through  the 
controller,  can  the  best  possible  results  be  expected. 

The  controller  K,  introduced  in  the  previous  figure,  is  the  result  of  a process  of  optimisation 
the  main  steps  being: 


A)  DISCRETE  SYSTEM  EQUATION 
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Bl  OPTIMISATION  CRITERIA  FOR  the  CONTROLLED  SYSTEM 
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u = control  outputs  tor  the  demanded  state  x : x. 


C ) SFSULT  contracr  K 
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The  purpose  of  the  short  summary  showing  the  definition  of  the  controller  K is  to  clarifv  the 
f ol 1 owi ng i 


a.  as  long  as  stability  problems  alone  were  apparent,  and  the  condition  of  controlla- 
bility achieved,  the  described  method  of  optimal  control  with  exponential  time 
weighting  would  force  stability  without  the  aid  of  additional  controls, 

b,  the  obvious  advantage  of  the  new  controls  lies  in  the  fact,  that  the  number  of 
variables  which  can  he  controlled  increases. 


In  addition,  the  following  fact  is  also  established: 


if  the  aim  is  to  achieve  an  optimal  result,  it  is  not  possible  to  ’scriminate  between 
s tain  1 i sat i on  and  guidance. 

Furthermore,  such  a result  could  only  be  achieved  with  an  integrated,  multi-variable 
control  system  to  take  over  the  former  tasks  of  stabilisation  and  autopilot. 

3.  *5.  Ileli  a v hi  u r__  o f_  (TV  \irrraft  with  different  DFC  Foss  i hi  1 tj  e s d i ir  i ng  Approar  I » 

3 . r) . 1 . Aircraft.  Simnlati  o ns 

All  the  following  results  have  been  achieved  using  digital  simulations.  The  basic  aircraft  was 
a fighter  type,  CCV  designed  a c (see  page  ft). 

Different  configuration  modifications  were  used  for  the  DFtMs  shown  in  the  following. 


All  results  are  shown  for  flight  in  turbulent  air,  since,  as  described  in  para  3, ft.,  it  is  not. 
difficult  to  achieve  ideal  behaviour  in  clear  air.  The  turbulence  model  used  vp - : 


with  different  scale  lengths  L and  standard  deviation  (f  for  all  three  directions. 


3.3.2.  Direct  x-Force  Control 


The  following  is  a comparison  between  different,  x-force  controls.  The  reason  for  tins  is  to 
demonstrate,  that  almost  the  Bnme  good  results  ran  he  achieved  with  either  a sneed  brake  control 
with  no  lag,  or  a thrust  control  with  a time  lag  of  second  order  with  the  dominant  time  constant 
Tj  ■ 0.3  sec. 

The  optimal  control  law  is  purely  proport i nua 1 ; no  integration  was  necessary. 


Contro 1 s : 


Independent  controllable 
variable: 

Chosen : 


Tail  eron  *J 
Speed  brakes 
Thrust  Q 


HK 


alternatives 


o 

Velocity  and  glide  path  deviation 


Main  result: 


For  this  aircraft  configuration  almost  the  same  result  was 
achieved . 


There  is  no  significant  difference  in  the  «tate  variables. 
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Main  results: 


Main  di  f Terence: 


Vo lari  tv 

Glide  path  deviation 

Minimisation  of  time  response 

The  fo  I lowing  Hme  histories  show  i mprovemon  ts  in  the  aircraft, 
behaviour  using  DU’. 

Hut  with  regard  to  the  magnitude  of  deviation  in  the  state 
variables,  it  seems  that,  for  this  specific  aircraft  during  the 
approach  DU'  is  not  absolutely  necessary. 

The  approach  is  not  the  most  favourable  operation  for  demon- 
strating the  superiority  of  1)1/!  equipped  aircraft. 

\nother  example,  comparing  DLC  wi  Hi  convent  ional  control  during 
flare  out  will  show  remarkable  improvements. 

DU’,  in  fact,  can  also  lie  used  to  reduce  attitude  changes. 

This  may  be  considered  for  different  aircraft  (passenger  or 
larger  aircraft)  or  for  different  missions  (air  refueling  or 
weapon  delivery). 
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Following  i « n comparison  botveiMi  nn  aircraft  with  and  one  without,  t>v  means  of  a ventral 

dorsal  fin  combination.  (For  the  con  f i <rnra  t i on  see  pa  ire  >t . ) 


It  is  shown,  how’  the  aircraft  captures  and  maintains  the  local iser  duriii'r  turbulence*, 
fnntrols:  lludder  ^ 

\ i 1 eron  ^ wi ♦ hou t 

» with  !)^l(* 

Mnvi ii'f  Tail  AJ? 

I tor  sal  Fin 

1 ndependent  controllable 

variables?  'J  without 


In  this  case  one  control  ran  be  presented  a«  a linear  eonbina- 
t i or  of  the  other**.  Therefore,  the  number  nf  independent  con- 
trollable variables  is  not  equal  to  the  number  of  controls. 


Mn in  result; 


The  results  show  a small  improvement  in  Ihe  time  Instorv  of  tin 
local  iser  deviation.  Thev.  add  i t i u na  1 1 v , d onion**  t rat  i*  that  in 
both  cases  the  localiser  can  be  maintained  in  a very  pond 
manner.  The  small  effect  nf  tin*  trust  is  a result  nf  the  r»n*d 
n i rr rn  f t rear t ion. 


Mai  n d i f f orence 


The  aircraft  with  h^FF  compensates  the  disturbances  almost  I"' 
iic)»i*»  the  controls  and  maintains  the  roll  attitude  within  -mall 
limits.  The  nircraft  configuration  without  [)SIT,  therefore, 
shows  n much  higher  activity  in  bnnU, 


*5.6.  If o 1 evnnce  of  the  He  si i Its to  the  basic  (TV  T M e a 

Hv  wfiAns  of  n (TV  des  i fined  aircraft,  three  different  OFF  possibilities  were  shown  together  wjth 
simulation  results  of  the  flight  of  the  aircraft  on  a *rlide  path  in  turbulent  air. 

Fven  though  the  results  with  DFC  show  improvements,  when  compared  with  aircraft  without  DFC, 
their  relevance  to  the  busir  CCY  idea,  i.?  to  save  weight  or  increase  life  expectancy,  has  not 
vet  been  conclusively  demonst ra t ed  , 

*5.6.1.  !>JC  F V 

From  a point  of  view  of  t It o control  theory,  it  is  essentially  necessary  to  have  an  x force  control, 
fiince  the  aircraft  is  not  fully  controllable  without  it. 

The  comparison  between  thrust  control  and  speed  brabes  indicates  a pro  1 on pod  life  expectancy  for 
the  engine  because  of  the  remarkable  decrease  in  thrust  changes. 

In  general,  economic  use  can  only  be  mabe  of  continuous  speed  brake  control  during  (be  landin'!, 
and  therefore  its  application  instead  of  thrust  control  is  limited. 

*5.6.2.  1)  S F C 

The  following  picture  for  three  modifications  on  a basic  configuration  shows  more  than  any  comment. 
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The  DSKO  effort  would  be  profitable  only  if  the  same  time  biatory  results  riiuli!  be  achieved  us 
in  the  conventional  desijin.  The  results  in  para  t.li  .1.  show  an  improvement  and  the  necessary 
control  surface  decreases  are  remnrhable. 


r 
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*5. (>.3.  1)  l c 


Regarding  the  fact,  that  the  entire  landing  takes  only  mi  nutes , the  results  of  para  3.0.3.  would 
not  be  a reason  to  install  Dl.C  in  a fighter  type  aircraft,  because  the  improvement  in  maintaining 
the  glide  path,  for  instance,  within  one  foot,  or  within  one  inch  is  not  of  importance.  However, 
the  factor  of  12  must  be  considered. 

Nevertheless,  there  are  good  reasons  for  installing  Dl.C  anyway. 

In  conclusion  some  results  of  the  flare  with  and  without  RLC  in  turbulent  air  follow. 

They  clearly  demonstrate  the  superiority  of  the  DLC  configuration  over  the  conventional  one 
because  of  a significantly  lower  sink  speed  at  the  point  of  touch  down  for  the  DLC  configuration. 

However,  these  values  nre  only  comparable  for  these  particular  simulations  and  configuration 
These  values  are  compared  here: 

V » -O.Mms  without  I)LC 

7. 

V - -0.137  m/s  with  DIC 

Regarding  the  basic  CCV  idea,  it  ends  with  a difference  in  the  impulses  of  'X.  2000  Pgm/s  which 
the  landing  gear  has  to  absorb,  and  this  could  result  in  a prolonged  lifetime. 


As  favourable  as  the  results  presented  are,  it  must  not  he  gotten  that  they  are  achievable 
only  with  a total  fly-by-wire  system. 

The  solution  to  the  safety  problem  will  lead  us  to  an  answer  which  in  certain  modifications  and 
variations  will  he  named. 

lied  ii  ndancy . 

The  author’s  answer  may  he  heard  in  Paris  in  October,  107/i» 
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GUIDANCE  PHILOSOPHY  FOR  MILITARY  INSTRUMENT  LANDING 


by 


George  L.  Yingling 
Aviation  Systems  Consultant 
399  Cheltenham  Drive 
Dayton,  Ohio  45459,  USA 


SUMMARY 


Instrument  landing  guidance  philosophy  for  military  aircraft  is  affected  by  the  type  of  operation, 
the  nature  of  the  environment,  the  kind  of  aircraft  involved  and  system  dynamics  considerations.  Guid- 
ance philosophy  and  requirements  are  inseparable  from  control  dynamics  and  tradeoffs  exist  between  the 
two  in  arriving  at  an  optimum  solution  for  particular  cases.  In  some  countries,  compatibility  and  inter- 
operability with  the  civil  system  is  considered  important  if  not  essential.  The  National  Microwave 
Landing  System  program  in  the  USA  is  of  great  interest  internationally,  and  the  USA  Department  of  Defense 
is  supporting,  at  present,  the  goal  of  a common  civil/military  system. 

Representative  unclassified  operational  requirements  are  reviewed  as  a lead  to  discussing  the 
various  factors  having  an  Impact  on  choice  of  guidance  philosophy.  The  single  most  important  considera- 
tion is  the  choice  of  technique  to  overcome  landing  guidance  system  multipath  effects.  The  choice  of 
technique  must  satisfy  the  many  "system  dynamic"  considerations  and  present  field  test  programs  must 
provide  clear  and  valid  engineering  data  upon  which  to  base  a decision. 

A system  solution  to  a hypothetical  but  representative  military  situation  is  presented  for 
discussion  purposes.  In  addition  a requirement  for  an  all-airborne,  self-contained  landing  system  is 
discussed. 

1.  INTRODUCTION 

It  is  fitting  that  in  a meeting  on  "take-off  and  landing",  concerned  primarily  with  the  flight 
mechanics  aspects  of  the  problem,  guidance  and  control  be  treated.  We  are  dealing  with  a problem  where 
we  must  find  "total  system"  solutions.  In  the  past,  aircraft  have  been  designed  with  other  than  landing 
as  a primary  consideration.  As  we  have  progressed  to  lower  mi nimums,  the  problems  have  become  immensely 
more  complex  demanding  a "total  systems  approach".  The  landing  system  involves  a much  broader  scope  of 
technological  considerations  than  the  "radio  guidance"  or  "flight  mechanics"  functions  alone.  The  system 
demands  proper  attention  to  aeronautics  {in  the  broadest  sense)  electronics,  human  engineering,  control 
theory,  control-display,  dynamic  analysis,  etc.  However,  we  engineers  have  a long  way  to  go  to  fully 
integrate  the  two  most  powerful  aviation  technologies,  aeronautics  and  electronics,  for  the  public  use. 
Few  aeronautical  engineers  really  comprehend  Air  Traffic  Control  and  Landing  and  its  many  electronic  ram- 
ifications in  the  same  depth  they  understand  aircraft  design  or  flight  mechanics.  Similarly,  there  are 
probably  even  fewer  electronic  engineers  who  really  appreciate  the  impact  of  their  electronic  designs  on 
the  pilot,  the  aircraft  and  flight  dynamics.  The  ultimate  customer  is  the  pilot/crew  and  the  aircraft 
and  it  "all  comes  together"  in  the  cockpit  in  controlling  and  maneuvering  the  aircraft  precisely.  There- 
fore, a pacing  consideration  in  developing  and  implementing  any  landing  system  must  be  the  fliqht 
physics/flight  mechanics  problem  and  associated  airborne  elements  of  the  pilot,  manual  and  automatic 
control  and  instrument  displays.  Fig.  1 is  a "system"  functional  diagram. 


FIG.  1 


Guidance  philosophy  for  military  instrument  landing  stems  from  several  primary  considerations: 
the  type  of  operation,  the  nature  of  the  environment  and  the  kind  of  aircraft  involved.  Guidance  philos- 
ophy and  requirements  are  inseparable  from  control  dynamics  considerations  and  tradeoffs  exist  between 
the  two  in  arriving  at  an  optimum  solution  for  particular  cases.  To  meet  satisfactorily  all  user  needs 
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at  all  sites  with  a conmon  ground  guidance  system  may  Involve  unacceptable  compromises  to  airborne  ele- 
ments and  operational  capability.  The  National  Microwave  Landing  System  program  (NMLS)  has  as  its  goal 
the  establishment  of  a landing  guidance  concept  (philosophy)  and  associated  signal  structure  to  assure 
satisfactory  service  to  all  potential  users,  hopefully  without  compromise.  In  the  USA,  the  Department 
of  Defense  is  supporting  the  goal  of  a common  civil-military  system  and  will  continue  to  do  so  until 
there  is  good  reason  to  depart  from  this  objective.  Interim  military  microwave  landing  systems  are 
already  in  being  and  others  may  yet  be  forthcoming  depending  upon  progress  of  the  NMLS  program  and 
urgency  of  US  military  requirements.  They  are  interim  in  the  sense  that  they  use  established  technology 
suitable  for  immediate  relief  of  operational  deficiencies,  though  not  in  their  entirety,  and  will  ulti- 
mately be  supplanted  by  the  more  advanced  NMLS.  Other  countries  are  pursuing  similar  activities  in 
covering  current  deficiencies.  The  longer  range  approach  to  be  taken  by  the  various  countries  remains 
to  be  seen.  Representative  NMLS  confinurations  are  shown  in  Table  1-1. 
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\ ( A I II  laiilil>  piovtdes  guitlaine  inloimation  lioin  the  limits  ot  eoveiage  to  the  point  on  the  runway  centerline  oil  the  glide  path  at  a height  of  50  leel  oi  less 

at  Hive  the  horizontal  plane  eon  laming  the  thieshold 

\ ( ATIII  I as  iht>  provides  guidance  ml  m illation  lioin  the  limits  ol  coverage  to  and  along  the  surface  ol  the  iunwa> 

2.  MILITARY  OPERATIONAL  REQUIREMENTS 

Let  us  review  some  of  the  military  operational  requirements  and  operational  environments  as  pub- 
lished in  unclassified  documents.  These  are  not  all  inclusive,  internationally,  but  prooably  span  most 
of  the  important  features  bearing  on  guidance  philosophy.  It  should  be  understood  that  these  require- 
ments are  provisional,  subject  to  change  and  do  not  represent,  yet,  the  official  position  of  any  of  the 
military  organizations  treated. 

2.1  USAF 

2.1.1  GENERAL 

The  USAF  is  required  to  operate  worldwide  to  accomplish  its  mission  in  support  of  the  defense  of 
United  States  and  free-world  allies.  The  nature  of  the  mission  requires  that  USAF  aircraft  use  not 
on  >y  organic  US  military  air  traffic  control  and  navigation  facilities  but  also  those  enroute  and  termi- 
nal facilities  of  the  civilian  aviation  community  in  the  USA,  civil  and  military  facilities  of  allies, 
and  facilities  that  may  be  available  from  nonaligned  nations. 

While  the  USAF  has  traditionally  depended  upon  Precision  Approach  Radar  (PAR)  to  provide  guidance 
during  the  approach  and  landing  phase,  there  also  is  a need  for  the  USAF  to  use  the  standard  navigation 
and  landing  aids  as  defined  by  the  International  Civil  Aeronautics  Organization  (ICAO).  This  inter- 
operability is  currently  manifested  in  the  additional  implementation  of  ground  and  airborne  1LS. 

The  USAF  will  continue  to  implement  th  approach  and  landing  aids  that  are  interoperable  with 
standard  national  and  international  civilian  a tion  systems.  It  supported  the  work  of  the  Radio 
Technical  Commission  for  Aeronautics,  Special  Con  ittee  117  (RTCA-SC-1 1 7)  and  actively  supports  the 
National  Microwave  Landing  System  Development  program.  Air  Force  requirements  falling  within  the  spec- 
trum of  those  set  forth  by  RTCA  are  outlined  below  along  with  unique  USAF  military  requirements.  Air 
Force  requirements  will  be  re-evaluated  as  cost/performance  tradeoffs  are  identified  during  the  NMLS 
development  program. 

2.1.2  GROUND  SYSTEM  REQUIREMENTS 

A.  General . The  USAF  will  employ  the  ground  portion  of  the  Microwave  Landing  System  at  many  loca- 
tions for  a wide  range  of  missions.  The  USAF  ground  system  requirements,  along  with  examples  of 
"typical"  and  "worst  case"  conditions,  can  be  arranged  in  the  following  grouping: 

1.  Main  Operating  Bases  (MOB):  Main  Operating  Bases  must  support  take-offs  and  landings  by  all 

types  of  fixed-wing,  rotary-ving,  and  V/STOL  aircraft.  As  a worst  case,  base  configurations  can  include 
two  parallel  runways  not  less  than  2500  feet  apart  supporting  simultaneous  IFR  approaches.  Large  air- 
craft such  as  the  C-5  will  be  present  on  runways,  taxiways,  and  ramps.  Helicopter  operations  will  occur 
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on  designated  ramps,  taxiways,  and  runways.  Supplementary  ground  aids,  lighting  systems,  and  runway 
markings  will  be  available.  Runway  acceptance  rate  should  be  the  only  traffic  handling  limitation. 
Runways  will  be  from  4,000  to  12,000  feet  long. 

2.  Forward  Operating  Bases  (FOB):  In  their  most  austere  form,  Forward  Operating  Bases  will  be 

a Bare  Base  with  minimum  runway  lighting  and  marking.  Forward  Operating  Bases  generally  will  not  have 
parallel  runways;  however,  they  must  support  high  recovery  rates  of  tactical  fighter  and  airlift  air- 
craft. Runways  will  be  from  4,000  to  12,000  feet  long. 

3 . Comb at  Oper a ting  B as e (CO B ) : 

a.  Assault  Landing  Zones  (ALZ).  Terminal  operations  at  an  Assault  Landing  Zone  may  be  con- 
ducted on  a level" TTeTd  or  clearing  of  sufficient  size  to  permit  landings  by  tactical  airlift,  forward 
air  control,  and  rotary-wing  aircraft.  The  area  may  be  camouflaged  and  only  primitive  area  markers  or 
portable  lights  will  be  used  to  outline  landing  2ones. 

b.  Extraction  Zones  ( EZ ) . Terminal  operations  at  an  Extraction  Zone  consist  of  cargo  air- 
craft executing  flyovers  at  approximately  six  feet  above  ground  level.  The  Extraction  Zone  aiay  be 
nothing  more  than  an  open  field  or  clearing  with  primitive  area  markers. 

c.  Drop  Zones  ( DZ) ■ Operations  at  a Drop  Zone  consist  of  cargo  aircraft  approaches  at  more 
than  200  feet  above  ground  level  in  order  to  allow  for  parachute  deployment.  The  terrain  in  the 
vicinity  of  a Drop  Zone  may  be  rough. 

d.  Helicopter  Hover  Points  (HP).  Tenninal  operations  at  a Helicopter  Hover  Point  will  be 
conducted  at  a designated  point  up  to  100  feet  above  ground  level.  Due  to  helicopter  operational  re- 
quirements, flare-out  and  transition  to  hover  will  normally  be  conducted  after  descending  below  100  feet 
Above  Ground  Level  (AGL)  under  visual  flight  conditions. 

B.  Collocated  Ground  Navigation  Aids:  Complete  area  navigation  coverage  in  the  terminal  area  is 

required  to  provide  the  aircraft  a positive  position  fix  relative  to  the  landing  runway.  However,  it 
can  be  assumed  that  an  appropriate  fixed/transportable/airdroppable  TACAN  station  can  be  collocated  with 
the  landing  system  equipment.  Essentially  all  operational  Air  Force  aircraft  will  be  TACAN  equipped. 

C.  Ground  Landing  System  Characteristics:  The  following  functional  capabilities  are  required  by 

various  Air  Force  Microwave  Landing  System  configurations: 

1 .  Approach  Zone  Coverage: 

a.  Azjjmjth.  Complete  azimuth  coverage  in  the  terminal  area  is  required  (See  II  B).  Pre- 
cise position  information  from  the  Landing  System  should  be  available  a minimum  of  ±40°  on  the  final 
approach  course;  however,  this  requirement  should  not  excessively  compromise  other  characteristics  of 
the  system. 


b.  Elevation.  The  extent  of  the  elevation  coverage  is  dependent  only  on  the  glide  slope 
limits  of  the  aircraft  to  be  served  at  specific  bases  of  operation.  For  example,  helicopter  landing 
sites  may  use  only  high  glide  slope  angles  (5  to  15  degrees),  aircraft  with  high  approach  speeds  are 
capable  of  only  low  glide  slope  angles  (2  to  5 degrees),  and  terminals  serving  a mix  of  CT0L,  VT0L,  and 
ST0L  aircraft  will  require  the  full  range  of  elevation  coverage.  The  modular  nature  of  a Microwave 
Landing  System  should  enable  alternative  elevation  coverage  units  to  be  procured  and  utilized  on  a 
facility-need  basis. 

c.  Range.  The  system  must  be  capable  of  20-nautical  mile  range  with  30  miles  preferred  in 
the  approach  zone,  the  maximum  range  is  required  whenever  size  and  weight  permit;  however,  in  tactical 
configurations  a sacrifice  in  range  may  be  acceptable  to  accommodate  other  system  characteristics  such 
as  size,  weight,  or  transportability.  A range  of  ten  nautical  miles  would  be  acceptable  for  airdrop- 
pable/tactical equipments. 

2.  Missed  Approach  and  Departure  Coverage:  Missed  approach  and  departure  guidance  away  from 

the  runway  area  is  required  for  wake  turbulence  avoidance,  noise  abatement,  terrain  or  obstacle  clear- 
ance, hostile  (ground  fire)  area  avoidance,  or  parallel  runway  departures.  The  system  should  provide 
lateral  position  information  t40°  from  the  runway  centerline  to  a range  of  5 NM.  There  must  be  a smooth 
transition  between  approach  and  missed  approach  and  between  takeoff  and  departure  guidance. 

3.  Distance  Measuring  Equipment:  It  is  anticipated  that  Air  Force  MLS  ground  stations  will  be 

collocated  with  a TACAN/DME  ground  station.  The  MLS  will  be  required  to  provide  more  precise  DME  infor- 
mation in  the  approach  and  departure  zones  when  it  is  required  for  curved/segmented  approaches,  multiple 
angle  glide  slopes,  lower  weather  minimum  approaches  and  landings  (ICAO  CAT  II/III  equivalent),  hover 
point  identification,  and  applications  involving  drop/extraction  zones. 

4.  Weather_Caj)ability:  Air  Force  MLS  equipment  should  be  capable  of  safely  guiding  combat  air- 

craft anywhere  within  the  approach  zone  through  a standard  rain  cell  model  which  is  a cylinder  of  evenly 
distributed  rain,  five  nautical  miles  in  diameter,  with  a rainfall  intensity  of  two  inches  per  hour. 
Further  definitions  of  the  standard  rain  model  is  contained  in  Air  Force  Cambridge  Research  Laboratories 
Special  Report  No.  141,  "The  Detection  Range  of  the  AN/TPN-19  Radars  in  Heavy  Rain  (Baseline  Scan  Mode)," 
AFCRL- 72-0368,  15  June  1972. 

5.  Anti -Jam  Capability:  In  forward  operating  areas.  Air  Force  MLS  equipment  should  be  designed 

to  minimize  the  effect  of  intentional  interference.  Serious  consideration  must  be  given  to  providing  a 
capability  to  detect  the  presence  of  interference  in  aircraft  and  at  ground  facilities. 
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6,  Security:  MIS  equipment  used  at  Forward  or  Combat  Operating  Bases  should  be  designed  to 
minimize  the'  extent  to  which  the  system  could  furnish  guidance  or  Intelligence  Information  to  unauthor- 
ized users. 


7.  Mobility:  There  are  no  mobility  requirements  for  ground  systems  used  at  Main  Operating 

Bases.  Systems 'for  use  at  Forward  Operating  Bases  must  be  air  transportable  by  a C-130  or  smaller  air- 
craft. Systems  serving  tactical  sites  or  drop  zones  are  required  to  be  airdroppable  and  to  be  capable 
of  being  moved  short  distances  and  set  up  by  not  more  than  two  men  without  powered  assistance.  A 
precision  approach  capability  equivalent  to  an  ICAO  CAT  I should  be  available  within  15  minutes. 

8.  Equipment  Configurations:  Elements  (azimuth,  elevation,  DME)  of  tactical  systems  may  be 

collocated.  Landing  systems  "for  Main  and  Forward  Operating  Bases  will  employ  split-site  configurations 
to  provide  the  higher  accuracies  required  for  lower  weather  minimums. 

9.  Rel iab i 1 i ty/Ava i 1 abi  1 ity:  To  the  maximum  extent  practical,  Air  Force  MLS  equipment  used  at 

Main  and  Forward  Operating  Bases  must  be  redundant  to  assure  uninterrupted  service.  Redundancy  require- 
ments will  be  relaxed  in  those  ground  systems  intended  for  tactical  use.  Reliability  must  be  the  maxi- 
mum available  within  the  state-of-the-art  and  consistent  with  prudent  cost  considerations. 

10.  Integrity:  The  system  must  provide  an  output  which  automatically  indicates  a fault  or  out 

of  tolerance  condition  to  both  the  ground  air  traffic  control  facility  and  to  user  aircraft.  External 

monitors  may  be  used  for  ground  units  on  main  and  forward  operating  bases;  however,  only  internal  moni- 

toring should  be  considered  for  tactical  units. 

11.  Data  Link:  RTCA  SC-117  determined  a number  of  functions  which  should  be  provided  by  a data 

link  integral  to  the  MLS.  Data  link  functions  should  provide  adequate  data  to  allow  Air  Force  aircraft 
to  approach  and  land  after  experiencing  a complete  loss  in  other  radio  communications. 

12.  Flight  Inspection:  Except  for  initial  commissioning  of  the  facility,  inflight  calibrations 

and  inspections  of  MLS  ground  stations  should  not  be  required.  Tactical  systems  must  be  capable  of  pro- 
viding service  equivalent  to  ICAO  CAT  I without  prior  flight  inspection  and  calibration. 

Table  2-1  is  a summary  of  Air  Force  MLS  ground  system  requirements. 


TABLE  2-1 

SUMMARY  OF  AIR  FORCE  MLS  GROUND  SYSTEM  REQUIREMENTS 


FACILITY 

NUMBER 

OF 

SYSTEMS 

ICAO 

WEATHER 

CATEGORY 

PARALLEL 

RUNWAYS 

MISSED  APPROACH 
DEPARTURE 
COVERAGE 

— 

MOBILITY 

RANGE 

(NM) 

NEAREST 

RTCA 

CONFIGURATION 

'IAIN 

OPE  RAT I IMG 

12 

I lib 

YES 

YES 

FIXED 

20 

I ,K 

BASE 

110 

II 

YES 

YES 

FIXED 

20 

I* 

FORWARD 

OPERATING 

BASE 

40 

II 

NO 

YES 

TRANSPORT- 

ABLE 

20 

I* 

COMBAT 

OPERATING 

BASE 

40 

ASSULT 

LANDING 

ZONE 

I 

NO 

NO 

TRANSPORT- 

ABLE 

10 

E 

DROP 

ZONE 

I 

NO 

NO 

AIRDROP 

10 

E 

EXTRACT 

ZONE 

I 

NO 

NO 

AIRDROP 

10 

E 

HOVER 

POINT 

I 

NO 

NO 

AIRDROP 

5 

E 

* Less  flare  capability 


2.1.3  AIRBORNE  SYSTEMS  REQUIREMENTS 

A.  Aircraft  and  Missions:  For  planning  purposes,  the  Air  Force  inventory  of  aircraft  in  the  1980 

time  frame  will  consist  of  the  following  types:  attack,  bombers,  cargo,  fighters,  trainers,  and  utility 

and  miscellaneous. 

B.  Levejs  of  MJ.S  Avionics:  Three  modular  categories  of  avionics  equipment  are  provisionally 

required  and  reflected  in  Table  2.2. 


14-5 


AVIONICS 

CAPABILITY 

ATTACK 

B OMUI  R S 

CARGO 

— 

FIGHTERS 

TRAINERS 

MISCELLANEOUS 

4 

4 

4 

B 

B 

u 

•> 

u 

6 

n 

O 

X 

4 

u 

>• 

(A 

1 

4 

* 

V 

k. 

m 

o 

'-*r 

7 

m 

* 

n 

n 

4 

z 

3 

e 

> 

O 

rt 

M 

X 

X 

> 

Q. 

K 

AU8T (BE 

A 

A 

A 

A 

A 

STANDARD 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

ADVANCED 

A 

A 

A 

A 

TABLE  2-2 


1.  Austere  Avionics.  Cost  would  be  a primary  consideration  in  this  avionics  configuration; 
however,  the  equipment  must  be  capable  of  providing  ICAO  CAT  I service.  Cost  considerations  may  dictate 
that  range  information  be  provided  by  the  TACAN/DME  system.  The  mission  of  aircraft  in  this  category 
would  primarily  be  conducted  in  VFR  conditions.  Some  types  of  attack  (A-10),  trainers  (T-37),  and  util- 
ity aircraft  would  use  this  category  of  equipment. 

2.  Standard  Avionics.  Capable  of  ICAO  CAT  II  approaches  in  IFR  conditions  but  not  including  an 
automatic  landing  capability.  Classes  of  aircraft  requiring  avionics  in  this  category  would  include  some 
of  the  cargo  aircraft  (C-130),  the  heavy  bombers  (B-l  and  B-52),  tankers  (KC-135),  most  fighters,  and 
advance  trainers  (T-38). 

3.  Advanced  Avionijcs.  Capable  of  CAT  1 1 1 b approaches  and  landing.  Aircraft  requiring  avionics 
in  this  category  would  include  some  of  the  cargo  aircraft  (C-5,  C-141)  and  air  defense  interceptors. 

C.  Ai rborne  System  Capabilities: 


1 .  Azimuth  Guidance. 

a.  Selectable  straight  approach  paths  must  be  available  to  all  USAF  aircraft,  thereby 
enabling  the  pilot  to  choose  the  optimum  approach  course. 

b.  Curved  or  segmented  approaco  paths  will  be  required  on  some  aircraft  to  avoid  no-fly 
zones  for  tactical  or  environmental  reasons,  such  as  wake  turbulence,  minimum  time  or  fuel  paths,  noise 
abatement,  adverse  terrain  or  obstacle  clearance,  hostile  area  (ground  fire),  V/STOL  optimized  paths, 
and  optimum  approaches  at  terminals  with  parallel  runways.  However,  not  all  aircraft  types  will  be  able 
tc  use  this  option  because  of  their  flight  or  maneuverability  characteristics,  or  because  of  cost  con- 
siderations. 


c.  Large  transport  aircraft  will  require  decrab  and  rollout  guidance  to  accomplish 
approaches  and  landings  equivalent  to  ICAO  CAT  1 1 1 b . 

2 .  Elevation  Guidance. 

a.  All  USAF  aircraft  must  have  a minimum  capability  of  a pilot  selectable  constant  angle 
glide  path  that  provides  valid  elevation  guidance  on  the  final  approach  course  to  a minimum  height  of 
50  feet. 


b.  Aircr^^t  with  more  sophisticated  avionics  capabilities  will  require  multiple  glide  slope 
(segmented)  angle  approaches  for  terrain  and  noise  abatement  considerations. 

c.  Large  transport  aircraft  will  require  automatic  flare  guidance  to  touchdown  to  accomplish 
approaches  equivalent  to  ICAO  CAT  1 1 1 b . 

3.  I ntegri t.y . The  airborne  system  must  provide  a warning  to  the  pilot  in  the  event  of  receipt 
of  inadequate,  false,  or  ambiguous  guidance  information. 

4.  Integration.  It  is  anticipated  that  guidance  information  from  the  MLS  system  will  be  dis- 
played on  new  cockpit  displays;  however,  the  MLS  must  also  integrate  into  inventory  aircraft  where  no 
change  of  instrumentation  is  contemplated. 

5.  Continuity.  Tne  airborne  equipment  must  permit  execution  of  a complete  approach,  touchdown 
(if  applicable!  and  initial  phases  of  a missed  approach  without  transition  to  other  instrumentation. 

6.  Minimums.  The  pilot  must  be  provided  an  automatic  warning  when  the  aircraft  reaches  the 
appropriate  decision  height  for  the  class  of  ground  facility  and  the  airborne  system. 

2.1.4  ADDITIONAL  CONSIDERATIONS 

A Cost  of  Ownership/Standardization.  It  is  anticipated  that  the  MLS  will  be  universally  adopted  by 
the  USAF  and  will  replace  all  precision  approach  radars.  Instrument  Landing  Systems  (ILS),  and  the 
tactical  TALAR  system.  Since  implementation  of  MLS  will  affect  virtually  all  USAF  aircraft  and  bases, 
the  procurement  and  supporting  costs  for  MLS  will  be  substantial.  The  USAF  intends  to  reduce  the  cost  of 
ownership  by  using  avionics  equipment  developed  for  the  competitive  civil  market.  To  the  maximum  extent 
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practical,  the  Air  Force  will  procure  equipment  based  upon  the  following  standards  and  specifications 
In  effect  at  the  time  of  procurement: 

FAA  Technical  Standard  Orders  (TSO) 

RTCA  Minimum  Performance  Standards 
ARINC  Characteristics 

Ground  systems  designated  for  Main  Operating  Bases  are  expected  to  be  identical  with  FAA  systems  used 
on  major  civil  fields.  Transportable  and  tactical  systems  are  expected  to  be  common  to  those  of  other 
Services. 

B.  Frequency  Reservations.  Military  operations  frequently  dictate  deployments  on  short  notice.  To 
permit  the  flexibility  of  operations  required  by  the  USAF,  a portion  of  the  frequency  spectrum  needs  to 
be  set  aside  for  national  use,  similar  to  the  arrangement  presently  in  effect  in  the  TACAN/DME  band. 

This  requirement  would  not  be  expected  to  exceed  ten  percent  (20  channels)  of  the  frequency  spectrum 
presently  identified.  It  is  expected  that  thp  frequencies  for  landing  systems  at  fixed  bases  would  come 
from  the  frequencies  allocated  to  the  FAA  for  the  National  Airspace  System. 

C.  Initial  Operation  Date.  USAF  implementation  of  the  Microwave  Landing  System  will  commence  after 
acceptance  of  the  system  as  a standard  national  and  international  (ICAO)  landing  system.  Target  date 
for  initial  entry  into  the  Air  Force  inventory  is  1980;  however,  a significant  MLS  operational  capa- 
bility is  not  expected  prior  to  1985. 

2.2  U.  S.  ARMY  REQUIREMENTS 

2.2.1  GENERAL 

The  configuration  "G"  system  most  nearly  meets  the  Army  landing  system  accuracy  requirements. 

The  following  information  supplements  the  functional  requirements  contained  in  the  RTCA  SC-117  docu- 
ments. The  Army  requires  a landing  system  which  consists  of  a ground  station  capable  of  either  split  or 
collocated  siting,  and  a compatible  airborne  set.  The  Army  is  required  to  operate  aircraft  from  unim- 
proved tactical  landing  areas  and  the  system  must  provide  reliable,  positive  guidance  in  this  environ- 
ment. Army  landing  areas  are  characterized  by  the  presence  of  the  following  factors  not  normally 
present  in  civil  aircraft  operations:  uneven,  unprepared  landing  surface;  proximity  to  obstacles  such 

as  trees,  buildings,  revetments  and  other  structures,  communications  and  other  types  of  antennas;  high 
velocity  rotor  wash  and  dust  blown  by  rotor  wash;  and  numbers  of  moving  aircraft  in  close  proximity  to 
the  radiating  elements. 

2.2.2  GROUND  STATION  REQUIREMENTS 
A.  Operational  Requirements: 

1.  The  azimuth  and  elevation  guidance  elements  shall  each  have  as  a minimum,  coverage  sectors 
of  plus  and  minus  30  degrees  in  azimuth  and  one  to  20  degrees  in  elevation.  Azimuth  and  elevation 
guidance  shall  be  usable  to  a height  of  50  feet  along  the  inbound  flight  path. 

2.  The  minimum  operating  range  shall  be  10  nautical  miles  in  50  mm/hour  rainfall  rate.  While 
this  requirement  is  recognized  as  being  technically  feasible,  it  should  not  prejudice  the  selection  of  a 
Ku  frequency  band  which  may  offer  significant  advantages  to  the  Army  in  terms  of  size,  weight,  and 
accuracy.  Tradeoff  determinations  must  be  performed  to  identify  the  best  overall  system  to  fulfill  Army 
requirements. 

3.  The  azimuth  and  elevation  guidance  elements  shall  be  designed  for  minimum  setup  time. 

Design  goal  for  setup  time  is  one  hour  using  two  men,  clothed  in  apparel  for  worst  climatic  conditions. 
The  azimuth  and  elevation  elements  shall  be  capable  of  being  operated  on  terrain  with  slopes  of  as  great 
as  10  degrees  (any  direction)  with  respect  to  the  horizontal,  and  allow  rapid  establishment  of  the 
reference  azimuth  path  to  plus  or  minus  0.5  degrees.  Tfie  requirement  for  boresighting  the  two  guidance 
elements  with  respect  to  each  other  shall  be  reduced  to  a minimum  and  shall  not  require  sophisticated 
survey  equipment  or  skills. 

4.  DME  coverage  is  required  in  the  azimuth  and  elevation  sectors.  The  operating  range  shall  be 
the  same  as  for  the  angle  guidance.  The  DME  will  demonstrate  an  accuracy  of  plus  or  minus  twenty  feet. 

8 . Physical  C haracteristics : 

1.  The  set  shall  be  capable  of  split  or  collocated  sighting  of  the  azimuth  and  elevation  guid- 
ance elements.  The  DME  shall  be  sited  optionally  near  either  guidance  element. 

2.  The  size,  weight  and  primary  power  requirements  of  all  the  ground  station  elements  shall  be 
minimized.  The  weight  design  goal  for  the  total  ground  site  (both  angle  guidance  elements,  DME  elements, 
battery  power  for  two  to  four  hours'  operation,  transit  case  and  setup  equipment)  is  120  pounds. 

2.2.3  AIRBORNE  SET 

A . Operational  Requirements : 

1.  Operationally  compatible  with  civil  MLS  systems. 

2.  Selectable  glide  path  angles  in  one-half  degree  increments  over  the  range  of  2.5  to  12 

degrees. 


3. 
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Selectable  azimuth  guidance  in  one  degree  increments  over  the  azimuth  coverage  area. 

4.  Range  read-out  to  at  least  12  nautical  miles. 

5.  A warning  that  the  aircraft  had  reached  decision  height  for  the  approach.  A light  with  the 
decision  height  selected  and  preset  by  the  pilot  is  acceptable. 

6.  Warning  to  indicate  the  aircraft  is  below  the  safe  minimum  elevation  angle  for  a centerline 
approach  to  the  facility. 

7.  Course  softening  to  provide  acceptable  indicator  sensitivities  as  the  azimuth  and  elevation 
courses  converge  near  the  ground  facility. 

8.  Airborne  antenna  coverage  volume  shall  be  a minimum  of  plus  12  degrees  and  minus  25  degrees 
in  elevation,  and  plus  and  minus  120  degrees  in  azimuth,  relative  to  the  nose  of  the  aircraft.  Omni- 
directional antennas  are  desired. 

B . Phys i ca  1 Characteristics. 

1.  The  airborne  set  shall  be  designed  for  minimum  weight  and  size.  The  weight  goal  for  the 
complete  set  (excluding  aircraft  displays)  is  20  pounds. 

2.  Consideration  should  be  given  to  packaging  the  airborne  set  into  two  parts,  such  that  DME 
could  be  an  optional  item  for  use  as  required,  instead  of  being  installed  in  all  aircraft. 

3.  The  set  shall  operate  from  the  aircraft  central  electrical  system  and  power  requirements 
shall  be  minimized. 

2.3  COMMENT 

The  author  takes  exception  to  the  Air  Force  requirement  for  RTCA  configuration  "I"  without  flare 
guidance  for  CAT  II  operation  at  Main  and  Forward  Operating  Bases.  CAT  II  provides  for  see-to-land 
from  a decision  height  of  100  feet.  Definition  of  see-to-land  in  terms  of  minimum  altitude  beyond 
which  a visual  landing  should  not  be  attempted  has  not  been  adequately  determined,  particularly  for  a 
single-place  aircraft.  The  author  feels  that,  for  safe  operation  to  CAT  II  minimums,  an  automatic 
touchdown  capability  (with  flare)  should  be  provided  not  only  in  single-place  military  jet  aircraft  but 
in  bomber/cargo/transport  aircraft  as  well. 

3.  AIRCRAFT  AND  AIRBORNE  EQUIPMENT  DESIGN  AND  OPERATING  INFLUENCES 

Because  of  factors  related  to  piloting  techniques,  passenger  comfort,  safety  and  military  mis- 
sions, normal  operation  of  an  aircraft  is  restrained  to  some  performance  region  which  is  more  restric- 
tive than  the  basic  airplane's  performance  envelope.  Lift,  drag,  thrust  and  weight  relationships 
clearly  bound  the  speed  and  flight  path  angle  capabilities  of  the  aircraft.  Control  surface  effective- 
ness imposes  maneuvering  limitations  and  in  addition,  attitude  changes  are  not  usually  effected  by  full 
control  surface  deflections.  Speeds  close  to  stall,  on  the  one  hand,  or  near  maximum  permissible  on  the 
other,  are  avoided. 

Most  limitations  on  an  aircraft  maneuvering  envelope  could  be  classified  as  piloting  technique  or 
control  considerations.  Curved  or  segmented  path  requirements  may  call  for  deviation  from  current 
piloting  techniques  resu'ting  in  retraining  and  will  most  likely  be  met  with  resistance  by  the  piloting 
community.  Good  piloting  techniques  have  generally  dictated  a maximum  bank  angle  of  30  degrees.  The 
increasing  difficulty  in  controlling  the  aircraft  pitch  axis  at  increasing  bank  angles  because  of  mis- 
alignment between  the  aircraft  lift  vector  ard  its  weight  vector,  is  a considerable  influence,  particu- 
larly under  instrument  flight  conditions,  toll  rates  are  typically  constrained  by  piloting  considera- 
tions. An  aircraft's  position  in  space  is  not  changed  appreciably  by  using  roll  rates  at  the  limit  of 
the  aircraft's  maneuvering  capability.  High  roll  rates  tend  to  compound  control  and  monitoring  diffi- 
culties. We  are,  of  course,  speaking  of  near  navigation,  approach  and  landing  circumstances,  not 
military  combat  situations. 

Specific  aircraft  characteristics  are  a concern  in  the  design  of  autopilots  and  instrument  dis- 
plays and  the  control  laws  that  drive  them.  In  a general  sense,  computations  optimized  to  drive  a 
display  for  a given  aircraft  may  not  be  expected  to  provide  the  same  overall  performance  if  used  with  a 
different  aircraft.  The  problem  becomes  more  pronounced  as  we  design  tighter  tracking  control  laws 
(higher  gains)  for  flying  to  lower  minimums.  We  speak  of  inner  and  outer  loop  relationships,  meaning  a 
relationship  between  control  and  guidance  functions.  There  are  certain  merits  in  being  able  to  isolate 
guidance  computations  from  control  computations.  Here,  we  are  speaking  of  the  guidance  function  as  one 
of  making  use  of  position  and  velocity  data  to  describe  the  progress  of  an  aircraft  along  some  desired 
path  in  space  and  to  describe  changes  required  to  track  that  path.  The  control  function,  on  the  other 
hand  pertains  to  basic  aircraft  stabilization  and  to  the  manipulation  of  the  aircraft  about  and  along  its 
principal  axes  to  satisfy  the  guidance  requirements.  The  role  of  control  is  to  establish  a reasonably 
stable  platform  that  can  be  expected  to  respond  in  a given  manner  to  guidance  commands.  Besides  dynamic 
characteristics  peculiar  to  individual  aircraft,  we  have  environmental  disturbances  including  wind,  fog 
and  rain.  We  also  have  noise  and  bias  errors  that  occur  in  the  basic  signal  transmitting  and  receiving 
process  and  other  errors  cau  ed  by  propagation  effects  and  radio  frequency  interference. 

If  we  could  design  our  inner  attitude  loops,  either  for  flight  directo-  or  autopilot,  with  very 
high  bandwidth'  (fast  response),  the  closed  loop  attitude  response  would  not  reflect  the  aircraft 
dynamics  at  all.  The  guidance  loop  could  then  be  optimized  for  the  tracking  task  and  would  be  free  from 
particular  aircraft  characteristics.  However,  loop  tightness  is  normally  constrained  by  vehicle 
inertias,  control  effectivity  and  servo  response.  Servo  response  is  limited  because  high  servo  response 
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can  mean  the  servo  Is  capable  of  exciting  bending  modes.  When  used  in  combination  with  tight  attitude 
loops,  considerable  power  is  consumed.  All  these  quantities  reflect  on  the  weight  and  eventual  total 
cost  effectiveness  of  the  vehicle. 

Another  consideration  is  that  such  high  inner  loop  bandwidth  would  imply  the  transfer  of  high 
frequency  display  information  by  the  pilot  to  his  controls  (in  flight  director  operation)  or  the  pres- 
ence of  very  high  control  activity  by  the  autopilot  servos  which  in  turn  would  be  reflected  to  the 
control  column  (parallel  servos).  Since  the  pilot  prefers  to  see  the  controls  (which  are  repeating  the 
autopilot-command,  parallel-servo  motion)  move  in  a manner  somewhat  similar  to  the  control  actions  he 
uses  as  he  performs  a given  maneuver,  he  will  not  accept  the  rapid  control  actions,  including  a broader 
noise  spectrum  of  a high  bandwidth  autopilot.  In  the  case  of  flight  director/pilot  control,  the  pilot 
has  definite  bandwidth  limitations.  Any  requirement  for  a pilot  to  close  more  than  one  attitude  loop  at 
a time  at  frequencies  greater  than  1 to  2 rad/sec  can  be  expected  to  result  in  pilot  ratings  of  too  high 
workload,  Stabilization  systems  used  as  a partner  (limited-amplitude  series  servos)  can  help  the  pilot 
with  these  tasks. 

The  problems  of  inner  and  outer  loop  design,  dynamics  of  airframes  and  effects  of  disturbances  all 
become  involved  in  choice  of  guidance  philosophy.  Feedback  control  can  enclose  all  the  unknowns  in  air- 
frame dynamics  and  disturbances  in  an  error  correcting  system  that  does  not  have  to  know  aj_l_  about  these 
unknowns.  It  may  be  much  more  inefficient  than  a system  designed  with  more  knowledge  of  the  unknowns. 
Howevei , we  have  many  aircraft  already  equipped  with  autopilots  and  flight  director  systems  interfaced 
with  ILS.  If  we  expect  to  take  advantage  of  non-straight-in  paths  which  are  made  possible  by  certain 
configurations  of  the  microwave  landing  system  now  under  development,  a retrofit  program  will  be  re- 
quired. Hopefully,  this  can  take  place  with  only  a change  in  the  guidance  data  processing  and  computa- 
tion. 


As  evident  from  an  examination  of  Fig.  1,  the  flight  control  system  engineer/ designer  has  had  to 
assume  the  "total  system  engineering"  approach  in  integrating  the  various  parts  into  an  overall  system 
which  finally  results  in  desired  aircraft  landing  performance.  He  has  had  to  accept  aircraft  design 
features  selected  to  optimize  other  than  landing  characteristics.  Many  compromises  have  been  necessary 
because  of  sensor  or  guidance  system  deficiencies,  ILS  being  one  major  contributor.  In  more  recent 
years,  at  least  in  commercial  aviation,  more  attention  has  been  given  to  aircraft  stability  and  control 
design  during  landing  than  in  the  past.  There  is  now  the  opportunity  to  influence  the  design  of  the  new 
microwave  landing  guidance  system  to  assure  "total  system  capability"  for  CAT  III  operation  without 
major  compromises  in  flight  control  system  design.  This  is  not  a matter  of  increasing  the  performance 

standards  and  complexity  of  the  ground  guidance  system  in  order  to  ease  the  problem  of  the  flight  con- 

trol system  designer,  as  some  have  argued.  Rather,  it  is  a concern  as  to  whether  the  system  will  work 
at  all  and  whether  all  user  needs  can  be  met  in  a cost  effective  way. 

As  indicated  elsewhere  in  this  paper,  the  technique  by  which  one  eliminates  or  controls  multipath 
effects  can  involve  complex  tradeoffs.  In  the  case  of  scanning  beam  systems,  the  question  of  "scan  rate" 

involves  a complex  tradeoff  of  economics,  reliability,  modulation-demcdul ation  techniques,  airborne  vs. 

ground  system  complexity,  and  landing  performance.  The  specification  of  high  scan  rates  may  result  in  a 
system  that  is  so  expensive  that  its  use  is  very  limited.  On  the  other  hand,  if  the  system  is  to  be 
effective,  the  scan  rate  must  not  be  so  low  as  to  degrade  approach  and  landing  performance.  The  system 
should  have  a sufficient  scan  rate  to  accommodate  future  innovations  in  aircraft  control  systems  such  as 
direct  lift.  Thus,  landing  performance  and  safety  are  dominant  factors  in  the  determination  of  scan  rate 
requirements. 

One  would  like  to  determine  position  information  and  display  it  to  the  pilot  with  an  accuracy  of 
the  order  of  100-200  feet  at  10  miles,  better  if  practical.  In  addition,  an  accuracy  of  5 to  10  feet  at 
the  runway  threshold  is  desired.  Granularity  in  the  data  sampling  process  of  scanning  beam  systems  is 
of  concern  to  the  flinht  control  engineer,  'mproved  beam  data  from  which  good  quality  beam-rate  data  can 
be  derived  for  flight  path  damping  purposes  has  been  sought  by  the  flight  control  engineer  for  many  years. 
Pseudobeam  rate  techniques  have  been  used,  involving  accelerometers  and  other  sensors,  but  involve  con- 
trol law  complexities.  These  compromises  have  been  necessary  with  VHF  ILS  because  of  beam  noise  and  beam 
inaccuracies.  The  sampling  process  inherent  in  scanning  beam  systems  has  an  impact  on  the  overall  system 
stability  and  control  and  on  control  activity.  For  example,  1-foot  granularity  in  position  data  can 
result  in  2 to  4 feet/seconds  of  velocity  noise  at  .5  to  .25  second  sample  period.  High  frequency  noise 
is  relatively  easy  to  filter  (greater  than  1 rad/sec).  Bias  errors  with  zero  frequency  content  will  be 
followed  exactly.  However,  frequencies  in  the  neighborhood  of  position  loop  frequencies  can  iue  trouble- 
some. Proper  design  of  filtering  will  be  one  of  the  major  challenges  that  the  airborne  receiver 
designer  must  face  and  one  which  the  flight  control  system  engineer  must  influence.  The  filter  designer 
must  consider  the  tradeoffs  between  allowable  signal  phase  shift,  which  impacts  guidance  loop  and  control 
loop  gains  and  stability,  and  scan  rate  granularity.  The  filter  design  is  also  influenced  by  the  noise 
characteristics  of  the  sampled  data.  Filtering  becomes  particularly  important  in  the  case  of  microwave 
landing  system  analog  signal  outputs  that  are  to  be  used  with  an  existing  aircraft  autopilot  to  replace 
ILS  signal  outputs. 

We  can  expect  data  rate  to  be  most  critical  during  the  flare  maneuver  with  high  performance 
military  aircraft.  The  path  geometry  and  relative  motion  of  parts  of  an  aircraft  may  create  a very 
serious  need  for  very  high  data  rates.  With  the  antenna  mounted  in  the  nose,  for  example,  during  pitch 
rotation  in  flare,  the  nose  travels  up  at  a relatively  high  angular  velocity  as  the  wheels  descend 
toward  touchdown  (Fig.  2).  Altitude  measurements  at  least  as  good  as  those  from  a radio/radar  altimeter 
must  be  available  (approximately  tl  Foot).  Deriving  rate  information  (altitude)  again  becomes  the  hard 
task.  Discrete  changes  of  .5  to  1-foot  at  .1  second  time  interval  (10  hertz  per  second)  results,  in  raw 
form,  in  a 5 to  10  feet/sec  altitude  rate  noise.  "Sample  and  hold"  techniques,  sometimes  proposed,  are 
hardly  satisfactory  since  the  output  is  very  granular.  Radio  altimeter  high  frequency  noise  is  usually 
filtered  and  combined  with  body-mounted  accelerometer  information  to  provide  altitude  rate.  Unless  MLS 
flare  guidance  provides  accuracy  to  .1  foot  at  10  to  20  times  per  second,  similar  combination  with 
accelerometer  data  will  be  necessary.  This  may  be  a tradeoff  which  is  most  cost  effective  if  not 
altogether  desired. 
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FIG.  2 


An  interesting  mechanical  analogy,  explaining  how  guidance  and  flight  control  critical  frequencies 
interact  with  one  another,  was  developed  by  Collins  Radio  Company  engineers  in  reference  2.  Referring  to 
Fig.  3 and  quoting  directly  from  the  reference: 


GUIDANCE  L 00  A 

CROSSOVER  EREQUENCV  MLS 

RANGE  DATA  RATI 


FIG.  3.  Guidance/Control  System  Frequency  Interaction  Chart 


"The  horizontal  < with  triangles  at  either  end  should  be  thought  of  as  being  rigid  members. 
That  is,  if  we  move  a 1 frequency  along  the  frequency  axis  toward  another  frequency  which  is 

separated  by  a bar,  then  tnat  critical  frequency  will  also  have  to  move  in  order  to  maintain  either 
stability  or  performance.  For  example,  the  outer  guidance  loop  stability  is  directly  dependent  upon  MLS 
data  rate  and  the  autopilot  or  flight  director  attitude  loop  response  characteristics.  That  is,  if  we 
significantly  increase  the  bandwidth  (position  and  rate  gains)  of  the  outer  path  tracking  loop,  we  will 
need  to  speed  up  the  response  characteristics  of  either  the  autopilot  or  flight  director  attitude  loops 
correspondingly.  Herein  lie  the  constraining  factors.  In  the  case  of  the  pitch  or  bank  autopilots,  we 
typically  set  the  closed  loop  bandwidths  at  a value  slightly  above  the  dutch  roll  (bank)  and  short 
period  (pitch)  frequencies.  To  broaden  this  bandwidth  considerably  will  likely  produce  stability  prob- 
lems due  to  sensor  or  actuation  lags.  Even  if  these  lags  were  overcome,  the  possibility  of  getting  into 
a frequency  region  where  aeroelastic  bending  or  torsional  modes  could  become  a problem  is  something  we 
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would  like  to  avoid.  Further,  since  the  pilot  prefers  to  see  the  controls  (which  are  repeating  the 
autopilot  command  parallel  servo  motion)  move  In  a manner  somewhat  similar  to  the  control  actions  which 
he  uses  as  he  performs  a given  maneuver,  he  will  likely  not  accept  the  rapid  control  actions,  Including 
a broader  noise  spectrum,  of  a broad  bandwidth  autopilot.  This  last  factor  is  a bit  of  an  education  and 
familiarity  problem,  and  there  Is  some  evidence  that  pilots  as  a group  are  becoming  more  aware  of  the 
value  of  fast  response  autopilots,  but  It  Is  an  area  of  some  controversy  that  should  be  entered  with 
some  caution  and  expectation  of  problems." 

4.  SITING  INFLUENCES 

As  stated  above,  the  nature  of  the  environment  has  a decided  influence  on  guidance  philosophy. 

As  can  be  seen  from  the  military  requirements  just  outlined,  operations  may  be  conducted  from  sites 
ranging  from  civil  airports  to  the  most  primitive  remote  area,  defying  normal  obstacle  and  terrain 
criteria.  The  necessity  for  maintaining  guidance  signal  integrity  to  very  low  altitudes,  and  in  some 
cases  nearly  to  the  ground,  poses  severe  requirements  on  multipath  control--a  prime  guidance  philosophy 
influence.  Civil/military  interoperability  being  a requirement,  any  military  guidance  concept  must  show 
conceptually  its  ability  to  operate  with  VHF-ILS.  The  fact  that  some  military  tactical  situations  may 
result  in  the  necessity  for  a specialized  guidance  system  which  is  not  interoperable  with  the  forthcom- 
ing new  civil/military  microwave  landing  system,  does  not  reduce  the  need  for  multipath  control.  Indeed, 
such  special  requirements  may  impose  even  more  difficult  multipath  problems.  However,  it  is  not  yet  evi- 
dent that  all  civil  /mi  1 i tary  landing  guidance  requirements  cannot  be  met  by  a common  concept  or  philos- 
ophy. 

Runways  are  not  flat;  airport  standards  permit  grade  changes  resulting  in  humps  as  great  as  10 
feet.  This  means  that  an  azimuth  unit  may  have  to  be  elevated  as  high  as  20  feet  in  order  to  provide 
adequate  signal  coverage.  Concepts  using  wide-azimuth,  simultaneous  signal  coverage  of  a CW  nature, 
such  as  Doppler,  will  experience  vertical  lobing  problems  and  a host  of  reflections  from  objects  near 
the  runway  (but  within  airport  standards).  Whether  filtering  processes  can  eliminate  the  adverse 
effects  of  these  reflections  is  as  yet  unknown.  Airport  criteria  permit  hangers  80  to  100  feet  high  to 
be  700  to  1500  feet  from  the  runway  edge.  In  military  situations  one  may  find  reflecting  objects  of 
significant  height  even  closer  to  the  runway.  Applying  standard  airport  criteria  for  clearance  between 
buildings  and  runway/taxiway  centerline,  Figs.  4 and  5,  we  can  see  the  devastating  effect  of  such  a 
valley  of  reflecting  objects.  Admittedly,  worst  cases  are  shown  but  such  a situation  is  permitted  by 
airport  standards  and  large  jumbo  jet  hangers  are  being  built  near  runways.  This  is  also  true  in  mili- 
tary situations.  Tactical  sites  are  often  nestled  between  hills  and  tree  lines  and  protective  struc- 
tures can  be  found  near  runways.  The  landing  guidance  configurations  outlined  by  RTCA  SC-117  ar  J being 
used  in  the  US  National  Microwave  Landing  System  development  program  as  representative  requi regents , 
provide  for,  in  some  cases,  80  degrees  of  forward  and  80  degrees  of  back-course  azimuth  coverage.  These 
sectors  include  quantitative  angulir  data  to  high  accuracy  throughout  the  160  degrees  involved.  In 
other  cases  (such  as  configuration  "K")  the  forward  azimuth  requirements  are  120  degrees,  and  the  rear 
azimuth  requirements  are  80  degrees  for  a total  of  200  degrees  of  proportional,  high-quality  angular 
data. 

If  in  a military  tactical  situation  coverage  is  required  at  20  to  30  miles  at  altitudes  of  1,000 
to  1,500  feet  for  terminal  approach,  this  creates  an  elevation  angle  of  only  about  ^-degree  above  the 
horizon.  It  is  most  difficult  to  maintain  clear  1 ine-of-sight  to  20  to  30  miles  over  a total  sector  120 
degrees  wide  in  the  presence  of  tree  lines,  hills,  and  large  structures  throughout  the  airport  property. 
Depending  upon  altitude  of  the  aircraft  at  the  20  to  30  mile  point,  the  (area-navigational)  coverage  in 
azimuth  will  vary.  At  vertical  angles  to  the  main  azimuth  transmitter  of,  say,  6-degrees,  the  120-de- 
grees  of  azimuthal  coverage  may  be  ideal  as  compared  to  Vdegree  elevation,  assuming  no  obstructions 
would  exist  at  6-degrees  elevation  between  the  aircraft  and  azimuth  transmitter.  However,  6 degrees  at 
20  to  30  miles  is  an  altitude  of  over  12,000  to  15,000  feet.  Such  terminal  approaches  are  usually  at 
much  lower  altitudes,  between  1,000  and  5,000  feet. 

Greatest  accuracy  will  be  needed  for  centerline  control  of  widebodied  jets  on  narrow  runways 
(150- foot-wide  runways).  While  some  military  bases  have  300-foot-wide  runways,  many  do  not.  Further- 
more, low-visibility  landing  tests  with  "narrow-gauge"  lights,  centerline  lights,  runway  edge  lights  and 
threshold  lights,  in  various  combinations,  indicate  that  better  visual  cues  are  provided  with  a runway 
150  feet  wide.  It  is  unlikely  that  there  will  be  any  significant  widening  of  runways  and  precision 
requirements,  based  on  150-foot-wide  runways  for  aircraft  with  large  wheel  base,  must  be  considered. 

In  early  phases  (1965)  of  the  Air  Force's  Tactical  Instrument  Landing  Program  (TACLAND),  experi- 
ments were  planned  in  which  a microwave  landing  guidance  system,  TALAR  III,  with  a relative  narrow 
localizer  course  width  (5  degrees),  would  be  used  as  a localizer-only  to  define  the  centerline  of  the 
runway  out  to  3 to  5 miles  from  threshold.  GCA  was  to  be  used  to  direct  the  aircraft  into  the  beam  and 
also  provide  guidance  in  the  vertical.  In  other  tests  TALAR  III  was  to  be  used  at  the  threshold  to 
provide  lateral  and  vertical  guidance  with  GCA  being  used  to  guide  the  aircraft  into  the  beam.  In  this 
latter  case,  since  in  TALAR  III  the  glide  slope  and  localizer  beams  emanate  from  the  same  point,  runway 
centerline  is  not  defined  beyond  threshold.  The  purpose  of  these  first  phase  tests  was  to  show  how  low- 
visibility  landing  capability  could  be  improved  in  the  tactical  environment  by  supplementing  old  GCAs 
with  a compact  microwave  landing  guidance  unit.  In  other  experiments,  TALAR  III,  used  as  a localizer- 
only  or  at  threshold  as  a glide  slope  and  localizer  transmitter,  would  be  used  with  beacons  for  homing, 
portable  TACAN,  or  airborne  ground  scanning  radar  for  intercepting  and  aligning  the  aircraft  with  the 
tactical  ground  aid.  Flight  tests  were  conducted  at  a later  date  using  TALAR  IV  at  runway  threshold, 
along  with  a portable  Marine  TACAN,  with  quite  good  results.  The  point  to  be  made  here  is  that  a 
relatively  narrow  beam  was  to  be  used  to  define  runway  centerline  in  order  to  prevent  multipath  effects 
from  objects  near  the  runways.  Acquisition  of  the  beam  would  be  provided  by  a variety  of  existing 
navigation  aids. 

More  recently,  Litchford,  in  reference  number  1,  has  suggested  a somewhat  similar  but  more  modern 
arrangement.  He  came  by  this  suggestion  as  a result  of  studies  of  multipath  problems  as  they  impact, 
operational  situations.  His  concept,  shown  in  Fig.  6 is  included  here  to  show  how  siting  considerations 
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can  influence  choice  of  guidance  philosophy.  A Ku-band  azimuth  scanner  producing  a 'j-degree  azimuth 
beam,  or  even  a is-degree  beam  throughout  i5  degrees  from  runway  centerline  can  be  built  reasonably  and 
can  produce  guidance  information  with  less  granularity,  less  noise  and  with  increased  reduction  in  non- 
coherent multipath.  By  limiting  scan  angle,  higher  scan  rates  are  possible  with  simple  structures. 

Range  out  to  10  miles  should  be  practical  in  heavy  rain  with  reasonable  power. 

It  may  not  be  possible  at  many  jetports  to  have  an  unobstructed  line  of  sight  at  ^.-degree  eleva- 
tion over  an  80  to  120-degree  sector  from  the  end  of  the  runway.  Serving  all  aircraft  to  at  least  10  to 

20  miles  and  to  altitudes  as  low  as  1,500  feet  is  desirable.  By  locating  the  wide-azimuth  scanner  on  top 

of  a hanger  or  tower,  the  desired  '-j-degree  vertical  line  of  sight  at  all  angles  inside  the  scanned  sector 
can  be  achieved.  There  might  be  some  other  open  space  on  the  airport  which  could  provide  desired 
unobstructed  1 i ne-of-s i ght  transmission  and  meet  requirements  of  relative  location  of  wide  and  narrow 
scan  units. 

Litchford  chose  a 4-degree  beam  using  a 4-foot  scanner  for  the  wide-aziinuth  unit.  Such  an 
azimuth  unit  will  be  superior  to  VORTAC  accuracy  by  at  least  ten  times.  At  3 to  5 times  per  second  scan 
rate,  less  smoothing  for  guidance  and  flight  control  purposes  will  be  required  than  for  VORTAC  (interface 
with  R-Nav  computers).  A steady  state,  straight  track  distance,  in  instrument  weather,  of  5 miles  before 
touchdown  at  130  to  140  knots  allows  a pilot  2 to  2!i  minutes  to  perform  a host  of  functions.  From  about 

5 to  30  miles  beyond  this  straight-in  approach  sector  we  are  dealing  with  terminal  area  navigation  accu- 
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racies.  Depending  upon  the  exact  location  of  the  wide-angle  C-band  unit,  the  fact  that  the  origin  can  be 
elsewhere  than  on  runway  centerline  Is  not  a problem. 

It  is  not  the  intent  here  nor  was  it  Litchford's  in  his  study  to  invent  a new  landing  guidance 
system  configuration.  The  example  does  illustrate  practical  "total-system  considerations"  and  the  in- 
fluence of  siting  problems  on  choice  of  guidance  philosophy.  The  technique  chosen,  whether  it  be  con- 
ventional scanning  beam,  doppler  scan  or  something  else,  must  meet  the  test  of  all  practical  and 
possible  operational  situations  if  common  civil/military  objectives  are  to  be  met.  It  follows  that  the 
present  field  test  program,  being  conducted  under  the  National  Microwave  Landing  Program,  must  yield 
"hard  data"  on  multipath  performance  under  representative  difficult  siting  conditions  or  else  a sound 
technical  decision  cannot  be  made.  Many  tradeoffs  are  possible  not  the  least  of  which  are  those  affect- 
ing "cost-effective"  system  dynamic  performance. 

5.  ALL-AIRBCRNE-SELF-CONTAINED 

US  Air  Force  Manual  100-11  states  that  an  ultimate  goal  for  zero  visibility  landing  is  by  use  of 
equipment  wholly  contained  within  the  aircraft.  The  self-contained  capability  developed  for  low  ap- 
proach is  an  interim  goal.  The  requirement  implies  a need  for  exploratory  work  to  determine  what 
techniques  are  needed  to  achieve  a given  capability,  at  what  cost  and  at  what  risk.  While  zero-zero  may 
not  ever  be  a requirement  for  a self-contained  system,  a proper  Investigative  program  should  identify 
the  degree  of  sophistication  required  vs.  risk  and  cost  for  all  low-visibility  conditions. 

A multisensor  arrangement  may  be  foreseen  using  inertial  and  other  navigation  devices  already  on 
board.  For  the  final  approach  and  landing  phase,  high  resolution  radar  which  displays  a perspective 
picture  of  the  runway  or  a system  of  beacons  producing  a similar  display,  is  the  likely  answer.  Infra- 
red, lasars,  low-light  level  television,  etc.,  can  provide  good  perspective  runway  displays  under  certain 
environmental  situations  but  are  not  satisfactory  under  critical  fog  and  rain  conditions.  In  addition, 
to  be  cost  effective  and  most  useful,  a multipurpose  radar  is  desirable  which  can  also  be  used  as  a 
weather  radar,  detect  hazards  in  the  approach  path  and  provide  map-matching  capability  in  the  terminal 
area. 


In  addition  to  providing  a self-contained  capability,  such  a device  may  find  a use  as  an  inde- 
pendent-landing-monitor (ILM)  for  CAT  III  approaches.  There  are  various  thoughts  on  supplementing 
aircraft  presently  equipped  with  CAT  I and  CAT  II  systems  with  an  ILM  to  achieve  a lower  minimum  capa- 
bility without  retrofitting  aircraft  with  an  expensive  CAT  III  autoland  system.  Whether  such  an 
approach  is  cost  effective  or  not  remains  to  be  seen.  The  military  situation  is  different  from  civil 
operations  in  that  higher  risks  are  often  taken  out  of  sheer  necessity  and  whatever  means  at  hand  are 
used  to  accomplish  a particular  mission.  If  mission  capability  can  be  improved  and  risk  reduced  with  an 
ILM  radar  or  a multipurpose  radar  with  an  ILM  modification,  increased  cost  may  not  be  very  significant; 
failure  to  accomplish  a mission  could  be  catastrophic. 

CONCLUSION 

There  are  many  tradeoffs  that  must  be  carefully  considered  in  deciding  upon  a landing  guidance 
philosophy  for  military  operations.  Interoperability  with  civil  facilities  is  highly  desirable  and  a 
goal  of  current  USA  programs.  There  is  no  reason,  yet,  to  believe  such  a goal  cannot  be  achieved.  But 
all  elements  of  the  "total  system"  must  be  treated  and  there  are  differences  in  aircraft  characteristics 
and  operations  between  civil  and  military.  Maintaining  high  quality,  high  integrity  guidance  informa- 
tion in  the  presence  of  a severe  multipath  environment  is  a key  factor  and  present  field  test  programs 


14-13 


must  yield  "hard  data" 
military. 
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3 XU  ARY 

Ve ry  largo  vertical  density  gradients  can  occur  in  established  fogs  and  theao  can  produce  large 
variations  of  v l Haul  ranje  with  height. 

Consido.'  ution  has  boon  given  la  too  effect  that  these  gradients  have  on  too  operational  porforuanne 
of  approach  and  run  .ay  Lights.  A now  lighting  Jostgn  of  improved  performance  in  described. 

The  development  of  a rods  ion  approach  path  indicator  in  also  reported. 

1.  INTRODUCTION 

Although  moat  aircraft  are  now  fitted  with  name  form  of  instrument  approach  aid,  moat  landings  aro 
performed  manually  by  the  piLot  by  viaual  reference  to  the  ground,  Sven  in  the  cane  of  fully  automatic 
landing,  the  pilot  visually  monitors  the  procedure.  In  night-time  or  poor  visibility  conditions,  tnere- 
fore,  lighting  and  marking  p ;l  erns  are  required  to  provide  the  pilot  with  the  neceaoury  visual  cues 
during  the  later  at  ages  of  tne  approach  and  mroughout  the  landing  and  roll-out  along  the  runway. 

Ground  bi3od  visual,  aids  are  adequate  only  if  the  pilot  can  obtain  a cle  ir  indication  of  his  position 
and  quickly  assess  his  relative  velocities.  To  bo  able  to  do  this  ho  must  see  a meaningful  pattern  of 
lights  for  several  seconds. 

In  a worldwide  study  f aircrew  workload,  curried  out  by  the  RAF  institute  of  Aviation  Licdi.cine  with 
the  co-operation  of  3CAC,  it  ;va3  reported’'  that  fifty  per  cent  of  all  letdowns  were  classified  a3  placing 
a high  workload  on  tne  pilot  and  that  of  these  two-thirds  involved  limited  and  poor  approach  and  runway 
lighting.  In  other  words,  one  thirl  of  ail  landings  are  adversely  affected  by  the  standards  of  lighting 
aid’,  that  ore  cur-ently  provided.  There  is  oloarly  a need  for  improvements  and  in  this  respect  the 
results  of  recent  work  undertaken  at  tae  Blind  binding  Experimental  Unit  (.IAS)  to  identify  the  extent  to 
which  various  factors,  such  as  fog  variability,  are  responsible  for  the  present  shortfall  in  the 
verforaance  of  a prouch  and  runway  lighting  is  pertinent.  This  work  has  emphasized  the  extent  to  which 
the  topics  of  lighting  visual  aids  and  visibility  aro  inter-related. 

The  lighting  for  precision  approaches,  as  presently  specified,  was  originally  developed  for  use  in 
conditions  where  the  visual  range  exceeded  300n.  Subsequently,  some  additions  were  made  to  the  patterns 
to  support  operations  down  to  400m  visual  range,  but  the  beam  characteristics  of  the  lights  were  not 
redefined.  Shortcoming!  are  known  to  exist  in  this  system  and  these  are  most  marked  ir.  the  lower 
visib'llties.  Consideration  has  therefore  been  given  to  improving  the  standard  of  lighting,  even  for 
use  in  the  lowest  visibilities,  and  the  conclusions  of  the  study  have  been  verified  oy  flight  trials. 

Research  on  steep  gradient  approaches  has  required  the  provision  of  precise  glideslopo  information 
down  to  very  low  height  ).  A system  using  3harp-tran3ition  VA3I  units  has  been  developed  to  moot  this 
requirement  un:i  tills  work  is  also  reported  in  this  paper. 

2.  VARIABLE  FOG  DENSITY 

■/hen  aircraft  landings  take  place  is  low  visibility  conditions,  operational  planning  and  pilot 
training  correctly  place  considerable  emphasis  on  two  potential  sources  of  difficulty  and  danger: 
shallow  fogs  covering  the  whole  airfield  and  dense  fog  patches  on  the  ran.vay.  Our  recent  studies  of 
the  visual  cues  that  cm  be  acquired  from  approach  and  runway  lighting  in  fog  have  clearly  demonstrated 
how  difficulties  arise  from  the  characteristics  of  the  lights  and  the  fog  and  re-empha3 Lze  the  problems 
created  by  shallow  fog  or  fog  patches  and  the  effects  that  these  have  on  the  safety  of  landing  operations. 

It  is  .erhaps  worth  recalling  that  as  an  aircraft  descends  towards  shallow  fog  the  visual  segment 
(the  length  of  lighting  pattern  or  ground  seen  by  the  pilot),  which  may  initially  be  very  large,  will 
always  reduce  a3  the  approach  proceeds,  becoming  a minimum  as  the  aircraft  enters  the  fog  top.  The  3ize 
and  rapidity  of  the  reduction  may  surprise  the  pilot  who  may  find  tint  he  does  not  have  a large  enough 
visual  seg.ient  to  continue  tne  approach  safely.  However,  if  runway  viaual  range  information  determined 
on  the  ground  Is  provided,  the  pilot  is  aware  that  he  will  3oe  a much  reduced  visual  segment  during  the 
later  stages  of  the  approach. 

The  variability  of  fog  structure  has  recently  been  investigated  in  detail  by  BaEU  and  measurements 
have  been  taken  in  a .vide  variety  of  fog  conditions.  The  data  obtained  has  beon  examined  along  with 
information  on  fog  variability  from  other  sources.  In  the  context  of  low  visibility  landings  the  most 
important  information  obtained  from  the  analysis  of  the  data  is  that  a marked  increase  in  fog  density 
with  height  often  occurs,  particularly  in  well-established  'ogs.  Such  fog  gradients  adversely  effect 
what  the  pilot  can  see  daring  the  approach  und  thi3  can  have  a marked  effect  on  the  landing  success 
rate  to  be  associated  with  any  particular  fog.  In  the  pis t experimental  effort  has  been  concentrated  on 
measuring  the  offoots  of  fog  gradients,  in  terms  of  slant  visual  range  and  contact  height,  whereas  the 
work  now  being  reported  has  concentrated  on  measuring  tun  fog  gradients  that  cause  the  reduced  visual 
ranges.  As  an  illustration,  Fig  1 shovra  the  variation  of  visibility  from  a height  'h'  to  the  ground 
tnat  can  be  expected  when  the  reported  visibility  at  ground  level  is  QOOm,  It  cun  be  3eon  that  from  a 
height  of  60n  (200ft)  there  is  a 50  per  cent  probability  that  the  meteorological  visibility  will  be  only 


half  of  that  at  ground  level  and  from  a height  of  30m  (lOOft)  there  ie  a 1 in  40  probability  that  the 
visibility  will  be  only  one  quarter  of  that  at  ground  level,  if  all  fogs  ore  treated  oolleotively. 

The  influence  that  suoh  fog  gradients  have  on  the  visual  range  of  a light  is  illustrated  in  Fig  2. 

In  thin  diagram  boun lories  are  shown  whioh  indicate,  for  a typical  approach  light,  the  maximum  range  at 
which  that  light  would  be  soon  in  the  visibility  gradient  conditions  shown  in  Fig  1.  An  observer  any- 
where within  the  appropriate  onvelope  will  see  the  light,  but  if  he  is  outside  the  boundary  he  will  not 
seo  it.  A curve  for  a fog  of  uniform  density  1s  also  included  for  comparison  purposes.  This  curve  also 
illustrates  how  the  polar  diagram  of  the  light  beam  affects  the  shape  of  the  range  boundary  as  all  air- 
field lights  have  Intensity  distributions  which  are  not  uniform,  but  fall  off  from  an  on-axis  peak  value, 

A light  of  equal  intensity  in  all  directions  would  give,  in  a uniform  fog,  a ourve  having  a constant 
range  from  the  source.  The  marked  effect  that  fog  density  gradients  have  on  the  visual  range  of  lighting 

systems  is  clearly  dean.  For  example,  in  the  case  considered  above,  an  observer  at  ground  level  would 

seo  the  light  at  a range  of  1150m,  no  nutter  what  the  gradient.  Uoet  lighting  designs  and  operational 
analyses  assume  that  fog  is  uniform  and  on  this  bu3is  it  would  be  assumed  that  a pilot  in  an  aircraft 
flying  at  a height  of  50m  would  see  the  light  at  a range  of  1270m.  Our  data  indicates  that  on  at  least 
half  the  occasions  he  would  only  3ee  it  at  a range  of  830m  and  on  one  oooasion  in  forty,  he  would  see  It 
at  a range  of  400ra,  or  approximately  one  third  of  the  distance  indicated  by  observations  made  at  ground 
level. 

Fig  3 shows  the  geometry  of  a typical  situation  at  the  point  on  an  approach  where  tl  e pilot  first 

makes  contact  with  the  approach  lights.  The  range  from  the  aircraft  to  the  light  is  shown  in  the  diagram 

to  consist  of  two  segments!  the  visual  segment  and  the  cockpit  out-off  segnent.  Generally,  as  the 
approach  continues  the  range  to  the  furthest  light  increases  and  this,  together  with  the  steady  reduction 
in  the  segnent  out-off  by  the  oockpit,  results  in  an  increased  visual  segment  being  seen. 

To  the  pilot  of  an  aircraft  making  an  approaoh  to  land  the  overall  effects  of  a fog  gradient  cause 
both  the  contact  height  and  visual  segments  to  be  muoh  lower  than  he  expects  from  the  information  he  is 
given  about  the  ground  level  visibility.  At  decision  or  break-off  height  he  may  not  have  the  expected 
and  necessary  position  information  to  continue  the  approach.  In  Fig  4 examples  are  given  of  the  range 
of  contact  heights  and  visual  segment  sequences  that  would  result  by  day  from  the  visibility  oonditions 
shown  in  Fig  1,  if  a standard  set  of  airfield  lighting  were  in  use.  The  diagram  clearly  shows  that  if 
the  visibility  at  ground  level  is  800m  then  vastly  different  amounts  of  information  can  be  available  to 
the  pilot  depending  upon  the  fog  gradient  with  height.  The  diagram  Bhows  that  for  a uniform  fog,  contact 
would  be  established  with  the  lights  at  a height  of  130a  (430ft),  the  runway  threshold  would  be  visible 
at  a height  of  60s  (200ft)  and  that  the  visual  segment  would  always  be  in  excess  of  600m.  On  at  least 
half  the  approaches  the  contact  hoi#it  would  be  of  the  order  of  100m  (330ft),  the  threshold  would  be  Been 
at  a height  of  45n  (ipOft)  and  the  visual  segment  would,  in  general,  be  in  excess  of  35Cm.  In  this 
situation  if  the  as  looiated  decision  height  is  60m  (200ft),  a 3afe  and  regular  operation  can  be  performed 
and  the  lighting  cues  will  be  adequate,  although  the  large  reduction  in  visual  segment  that  occurs  between 
the  heights  of  57m  and  45m,  due  to  a mismatch  of  Intensities  of  the  approaoh  and  runway  limits,  does 
result  in  the  threshold  not  being  in  view  at  the  decision  height.  There  ia  some  experimental  evidence 
that  for  this  type  of  operation  it  is  highly  desirable  that  the  threshold  should  be  seen  before  a 
decision  to  land  is  taken. 

Curve  A (i}&  per  cent  probability)  highlights  the  strong  influence  that  fog  characteristics  oan  have 
on  the  lighting  visual  aids.  In  this  case  the  contact  height  is  below  60m  (200ft)  and  until  the  threshold 
is  in  sight  the  visual  segment  is  small  and  not  adequate  to  support  manual  flight.  This  situation  is 
potentially  dangerous  since  the  only  visibility  evidence  that  is  available  as  the  pilot  begins  his  descent 
i3  that  the  visual  range  at  ground  level  is  at  least  800m.  Based  on  this  information  the  pilot  is 
expecting  to  carry  out  an  approach  during  which  he  oan  rely  on  visual  aide  to  manually  manoeuvre  his 
aircraft  during  the  1.5km  before  touchdown.  The  data  presented  in  Fig  4 shows  how  on  a significant 
percentage  of  occasions  pilots  will  begin  an  operation  for  whioh  they  actually  need  high  quality  auto- 
matic approach  equipment  if  it  is  to  be  completed  satisfactorily.  The  danger  i3  that  the  pilot  "will 
not  believe  his  eyes"  when  at  60m,  his  decision  height,  he  still  oannot  see  the  lights  and  that  having 
seen  them  (at  a height  of  50m)  in  the  subsequent  overshoot  he  will  be  encouraged  to  make  further  attempts 
to  land  because  he  feels  tha-  "he  almost  got  in  last  time"  and  that  he  oust  be  able  to  land,  because  the 
visibility  is  reported  as  being  800m.  In  the  interval  between  approaches  the  situation  can  worsen.  The 
example  given  above  refere  particularly  to  a situation  where  the  visibility  at  ground  level  is  800m,  but 
similar  conditions  and  variations  can  occur  throughout  the  low  visibility  regime. 

There  are  more  extreme  characteristics,  for  example  when  the  fog  lifts  to  a level  that  is  a little 
above  ground  level.  In  such  a situation,  in  the  absence  of  a reliable  cloud  base  measurement,  the 
visibility  at  ground  level  will  be  a very  misleading  indication  of  the  conditions  at  any  other  height, 
for  example  60m.  The  most  dangerous  situation  that  can  be  iimgined  is  a thin  layer  of  fog  just  above 
the  ground.  In  thi3  case  the  reported  visibility  would  be  good  and  the  pilot  would  make  an  early  oontaot 
with  the  approach  lights  but  the  visual  aegaent  may  reduce  to  an  unacceptable  extent  below  decision 
height.  Any  approach  where  the  decision  height  is  above  the  fog  top  is  not  as  safe  os  one  in  similar 
conditions  where  it  is  below  the  fog  top. 

The  run-back  in  the  visual  segment,  mentioned  above,  occurs  at  the  point  on  the  approach  where  the 
lighting  changes  from  the  high  intensity  approaoh  lights  to  the  runway  lights,  whioh  have  a lower  output. 
This  discontinuity,  which  is  caused  by  shortcomings  in  the  lighting  design,  adds  to  the  difficulties 
caused  by  fog  variability  and  it  should,  as  far  as  possible,  be  minimized  in  the  lighting  design. 

3.  THE  .1AINTENANCE  OF  AIRFIELD  LIGHTING 
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For  many  years  emphasis  ha3  been  placed  on  the  importance  of  specifying  good  visual  aids,  but  it 
would  appear  that  little  effort  ha3  generally  been  made  to  maintain  the  high  standards  onoe  the  lighting 
equipment  has  been  installed.  At  the  present  time  airfield  lighting  is  the  only  airfield  navigational 
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aid  that  is  not  regularly  checked  to  ensure  that  the  full  operational  performance  ia  being  maintained. 
Lighting  inspeotiono  are  carried  out,  but  at  many  airfields  these  are  only  of  a cursory  "is  it  alight" 
nature.  No  utteuipt  is  made  to  check  that  the  intensity  and  bsuin  shape  criteria  are  being  mot. 

It  is  important  th  it  adequate  monitoring  of  the  light  output  performance  of  lights  takes  place. 

Thus  is  beat  lone  by  photographlo  means  rather  than  by  subjective  visual  assessment.  A recent  survey  of 
runway  centreline  lights  oarried  out  by  BLEU  (Ref  2)  produoed  the  results  shown  in  Pig  5*  The  fittings  on 

Runway  A had  only  beon  installed  for  a few  month*  and  some  efforts  had  been  made  to  clean  them.  Hiis 

runway  had  been  inspected  from  the  ground  and  from  the  air  and  had  been  cleared  for  landing  operations  in 
visibilities  as  low  as  400®,  as  had  Runways  B,  C and  D.  Runvay  3 was  surveyed  less  than  two  weeks  after 
being  out  of  use  for  the  annual  maintenance  period.  Hie  average  Intensity  of  the  lights  on  Runway  2 was 
only  200  candela  instead  of  the  specified  value  of  5000  candela  and  even  on  Runway  A the  average  intensity 
was  only  2800  candela.  On  a day  when  the  visibility  in  900ra,  a 5000  candela  light  will  be  seen  at  a range 
of  1 000m.  If  the  output  of  the  light  is  reduced  to  2800  candela,  the  visual  range  is  reduced  to  900m.  If 

the  output  of  the  lights  is  only  200  candela  then  the  visual  range  is  reduced  to  500m,  Just  half  of  the 

specified  range.  These  large  in-sorvice  performance  variations  are  highly  undesirable.  In  the  future 
considerable  operational  benefits  can  be  derived  and  the  quality  of  the  visual  o ies  can  be  Imp-oved,  by 
ciianging  the  design  of  light  fittings  to  reduce  the  fall-off  in  performance  and  by  monitoring  the  intensity 
and  bears  spread  output  of  fittings  in-service.  Hie  output  intensity  of  lighting  should  never  be  allowed 
to  fall  below  half  the  specified  value  and  it  should  be  the  aim  at  all  airfields  to  maintain  outputs  well 
above  this  level, 

4.  nh.v  approach  and  run. vast  LIGHTING  DSWtGN 

4.1  Design  Study 

There  is  a trend,  particularly  in  civil  aviation,  towards  extending  landing  opi.rations  in  low 
visibility  conditions.  This  fact,  and  tne  evidence  that  is  available  of  tne  inadequacy  of  present  light- 
ing systems,  some  aspects  of  which  have  been  considered  in  thin  paper,  has  led  to  a review  of  lighting 
standards.  Hie  objectives  of  this  work  were  to  effect  overall  Improvements  and  in  particular  to  allow 
operations  to  take  place  in  lower  visibility  conditions,  improve  contact  heights  in  fog  gradient  conditions 
and  -eaove  those  discontinuities  that  exist  in  the  visual  segments  seen  by  pilots  which  are  iue  to  mis- 
matches between  the  light  intensities  of  various  elements  of  the  lighting  patterns. 

It  has  been  assumed  that  adequate  approach  and  runway  lighting  cues  should  be  provided  in  all 
visibilities  down  to  a minimum  visual  range  of  approximately  lOOn.  Below  this  range  practical  and 
economic  considerations  make  the  provision  of  position  information  by  visual  aids  an  unrealistic  objective. 

for  the  purposes  of  the  study  approach  path  envelopes,  based  on  flight  trials  lata,  were  calculated 

for  each  of  tne  three  ICAO  all-weather  operational  categories  - fig  6.  All  aircraft  approaching  within 

tnese  envelopes  have  a high  reliability  of  being  able  to  land  and  lighting  guidance  is  therefore  required 
at  all  points  within  them  up  to  a given  height.  This  height  will  vary  with  the  category  of  operation  but 
it  will  be  of  the  order  of  the  decision  height  plus  15m. 

As  a result  of  the  study  it  is  now  recognised  that  there  ia  a requirement  Cor  increased  beam  3pread3 
and  increased  setting  angles.  Table  1 compares  a new  specific  ition  to  meet  this  requirement  with  existing 
standards.  The  most  notable  changes  are  the  increased  beam  spreads  of  the  runway  centreline  lights  and 
the  increased  setting  angles  of  all  lights.  In  addition,  to  make  tne  best  use  of  the  available  light  flux, 
it  is  necessary  to  grade  the  setting  angles  of  the  runway  edge  and  centreline  lights  in  the  first  600m  of 
the  runway.  To  filly  counteract  the  effects  of  fog  gradients  even  greater  bean  spreads  and  setting  angles 
would  be  requi-ed. 

The  extent  to  which  existing  lighting  can  be  adapted  to  meet  the  new  requirements  given  in  Table  1 
was  al3o  considered.  <Vith  the  exception  of  the  runway  centreline  fittings,  the  beam  spreads  are  simila- 

and  down  to  a limiting  RVR  of  I50m  most  of  the  benefits  of  the  new  design  can  be  obtained  by  simply  re- 

aligning the  setting  angles  of  the  lights.  Re-alignment  is  not  difficult,  provided  that  the  fittings  are 
not  of  the  in3ot  type.  The  runway  centreline  poses  particular  problems  because  it  is  always  inset  and, 
therefore,  re-al ignment  of  the  internal  optics  -reviles  the  only  practical  way  of  varying  the  setting 
angles.  Gome  equipment  is  designed  in  such  a way  that  these  modifications  cannot  be  carried  out,  but 
other  equipment  can  be  easily  mod.. f led  to  meet  t ie  requirements.  However,  the  problems  posed  by  the 
large  beam  spreads  probably  cannot  be  solved  in  existing  runway  centreline  lighting  equipment  and  it 
would  ieem  that  new  fittings  need  to  be  designed  and  manufactured  to  provide  the  required  beam  dimensions. 

4.2  Plight  Trials 

To  carry  out  flight  trials  within  a reasonable  timescale  it  was  necoJ3ary  to  adapt  existing  equip- 
ment, as  discussed  above.  The  basis  of  the  trials  programme,  which  wa3  carried  out  at  RAE  Bedford,  was 
to  woke  approaches  in  low  visibility  conditions  and  compare  the  performance  of  the  two  systems.  To  do 
this  the  fittings  on  the  left-hand  side  of  the  approach  and  runway  edge  lighting  ratte-is  were  set  to  the 
new,  higher,  angles  whilst  the  right-hunl  side  remained  at  the  currently  specified  values.  A comparison 
of  the  runway  centreline  lighting  vas  made  by  carrying  out  some  of  the  flight  trials  to  the  now  standard 
and  some  with  them  at  the  currently  specified  settings,  i.iodificutions  to  a bate),  of  centreline  fittings 
to  allow  the  lamp  filament  to  be  translated  vertically  with  respect  to  the  optics  of  the  fitting  enabled 
the  centreline  lights  to  have  the  varying  elevation  settings  r.hown  in  the  Table,  but  the  beam  dimensions 
could  not  be  modified  to  the  new  standard. 

All  a. proaohes  were  filmed  to  demonstrate  the  difference  in  visual  segment  between  the  two  systems. 

The  contact  height  of  the  lights  using  the  new  settings  was  noted  for  each  approach,  as  was  the  reported 
value  of  runway  visual  range  (RVK). 
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Analysis  of  the  film  records  confirmed  flight  observations  that  the  left-hand  (improved)  side  of  the 
runway  lighting  was  always  seen  first  and  that  at  any  height  a bigger  visual  oegnent  of  lighting  oould  be 
seen  on  this  side.  In  some  situations  two  bare  of  the  5~bar  approach  lighting  were  dearly  seen  on  the 
left-hand  side  of  the  pattern  whilst  no  oontaot  was  made  with  the  complementary  burs  on  the  other  side  of 
the  pattern.  On  the  approaches  where  the  elevated  setting  angles  were  being  used  in  the  runway  oentrellne 
lights,  it  was  very  obvious  that  the  "black-hole"  that  le  normally  apparent  between  the  threshold  and  the 
nominal  touchdown  point  had  beon  eliminated  so  that  the  pilot  was  presented  with  a consistent  visual 
segment  of  centreline  lights  throughout  the  approach  and  landing. 

Plots  of  the  contact  heights  end  the  associated  RVR  vulue  observed  on  the  approaches  are  shown  in 
Fig  7.  Also  slown  on  this  figure  are  the  results  obtained  from  similnr  trials  using  lighting  set  up  to 
the  present  standards,  It  can  be  seen  from  this  data  that  the  contact  height  is  significantly  increased 
by  the  new  setting  angles. 

The  main  conclusion  that  has  been  drawn  from  these  flight  trials  is  that  worthy,’ .ile  operational 
benefits  have  been  demonstrated  as  being  available  from  oxluting  equipment,  if  it  oan  be  realigned. 

5.  GLIDESLOPE  INDICATORS 

Even  in  good  visibility  conditions,  pilots  experience  difficulty  in  acquiring  sufficient  position 
information  in  the  vertical  plane  whereas  abundant  alignment  cues  axe  available  in  the  horizontal  plane 
from  the  symmetry  of  the  runway  and  the  associated  lighting  patterns.  Provided  that  the  touchdown  zone 
can  be  seen  by  the  pilot  there  is  great  value  in  providing  visual  approach  slope  indicator  (VASI)  as  a 
means  of  overcoming  this  shortcoming.  The  original  VASI  system  developed  at  the  RAE  and  now  in  U3e 
throughout  the  world,  gives  a long  range  indication  of  the  correct  approach  path  and  therefore  results  in 
aircraft  making  more  stable  approaches.  As  a result,  the  aircraft  are  well  placed  for  a safe  landing,  but, 
because  the  VASI  is  an  approach  and  not  a landing  aid,  tho  scatter  of  the  touchdown  point  is  still  1 rge. 

Recent  studies  of  steep  und  two-segment  approach  techniques  at  the  RAE  required  the  provision  of 
precise  visual  glideslope  information  to  heights  as  low  as  30m  (100ft)  and  with  intercepts  between  the 
two  glidepath3  being  defined  to  an  accuracy  of  * 3m. 

The  standard  VASI  light  units  project  a light  signal  that  consists  of  red  and  white  sector®  with  a 
segment  of  pink  light  cf  rather  ill-defir.ed  dimensions  separating  them.  Such  a unit  is  not  suitable  for 
U3e  where  accuracies  of  a few  metres  are  required.  A system  based  on  two-oolour  light  projectors  that 
use  a 17cn  diameter  lens  and  a sealed  beam  light  source  han  been  developed.  The  light  units  project  a 
beam,  the  upper  part  cf  which  is  white  and  the  lower  red.  There  is  no  pink  zone  and  the  boundary 
between  the  two  colours  la  clearly  defined. 

Early  trials  were  carried  out  with  these  units  in  the  normal  VASI  layout  but  closer  spaced  longitudi- 
nally and  elevated  at  6 degrees  and  with  an  additional  unit  placed  midway  between  the  two  VASI  bars  to 
define  the  centre  of  the  approach  corridor  - nee  Fig  B (a).  This  arrangement  gave  a stable  approach  but 
it  was  considered  that  the  addition  of  further  units  as  Bhown  in  Fig  8 (b)  was  an  improvement  because  it 
gave  multi -position  information  to  the  pilot  so  that  at  all  tiineB  he  was  ablo  to  assess  the  magnitude  of 
any  deviation  from  the  glidepath.  The  performance  of  this  system  was  very  good  by  day.  On  6 degree 
approaches  it  resulted  in  height  errors  as  small  as  + 2m  at  a height  of  30m.  However,  at  night  the  row 
of  li$rt  units  appeared  to  merge  together  due  to  refraction  caused  by  contamination  of  the  aircraft  wind- 
screen. 

A system  that  overcomes  this  problem  and  uses  fewer  light  units  is  the  one  that  has  been  developed 
and  used  extensively  in  the  RAE  trials.  This  precision  approach  path  indicator  (PAPl)  consists  of  a bar 
of  four  units  located  at  the  side  of  the  runway,  adjacent  to  the  glideslope  origin  - Fig  8 (c).  The  beam 
setting  angles  (red/white  interf  .ee)  of  the  four  units  are  graded,  the  differential  angles  being  £ degree. 
The  nominal  glideslope  angle  is  midway  between  the  centre  pair  of  units.  Thus  the  "on  course"  signal  is 
two  red  and  two  white  lights,  from  a slightly  lower  position  three  red  and  one  white  light  is  seen  and 
at  the  bottom  of  the  corridor  all  four  lights  are  seen  red.  Ihe  reverse  coding  is  seen  if  the  aircraft 
is  above  the  glideslope. 

The  pilot  task  in  following  the  visual  indications  ha3  been  found  to  be  acceptable  down  to  a range 
of  250m  from  the  origin.  At  this  range  the  height  error  is  approximately  2m.  Using  this  equipment 
pilots  have  made  3 degree  approaches  as  well  as  steep  approaches  up  to  angles  as  great  as  15  degrees. 

A large  number  of  approaches  have  been  made  at  6 degrees  with  the  flare  being  initiated  at  a height  of 
10-1 5m.  The  standard  deviation  of  the  touchdown  scatter  in  these  trials  has  been  of  the  order  of  35m. 

Other  trials  have  been  carried  out  using  two  sets  of  this  equipment  to  define  a two-segment  approach, 
as  shown  in  Fig  8 (d).  The  Intercept  point  ha3  been  as  low  as  4&>  on  a large  number  of  these  approaches. 

6.  DISCUSSION 

The  main  objectives  of  the  recent  y/ork  on  lighting  and  visibility  carried  out  by  BLEU  were  to 
identify  some  of  the  important  factors  that  determine  the  operational  performance  of  lighting  visual 
aid3  and  to  seek  methods  of  improving  the  position  information  that  lighting  cues  provide  to  pilots. 

The  experimental  work  has  highlighted  the  significant  extent  to  which  vertical  fog  density  gradients 
affect  nearly  all  low  visibility  operations.  From  the  data  obtained,  the  large  scatter  observed  in  the 
past  in  contact  height  and  visual  segment  values  at  decision  height  in  conditions  that  were  nominally 
identical  is  understandable. 
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If  operations  'ire  to  toko  place  regularly  .nil  safely  in  very  low  vioibilitieo  it  is  essential  that 
the  operational  performance  of  the  approach  er.ci  runway  lighting  should  in  no  way  udd  to  the  difficulties 
caused  by  vuri  tieus  in  fog  density.  the  measurements  that  havo  been  it.  ado  of  light  cut.ut  from  airfield 
lighting  installations  have  shovm  that  poor  fitting  design  and  poor  maintenance  cuvo  penal  . zing  o orations 
ot  the  present  tiii.o.  Pogular  monitoring  of  lighting  standards  In  essential  if  lighting  rtandurdi nation 
in  to  have  uny  vulue. 

As  a result  of  t.l'.e  inforiiintion  discussed  in  this  paper,  the  design  of  li  'hting  to  give  adequate 
posi ticnal  cuen  cm  be  carried  cut  with  a much  cie.rer  understanding  of  the  environment  in  which  it  has 
to  work,  it  i3  now  possible  to  compute  the  probable  performance,  in  terns  of  contact  height  and  visual, 
segments,  of  any  set  of  lighting.  Alternatively,  the  lighting  standards  needed  to  .rovide  reliable 
visual  guidance  cun  be  specified  for  any  now  approach  path  envelope  and  fog  gradient  situation,  for 
example,  the  intensities,  beam  spi  ads  and  length  of  approach  lighting  pattern  nccdod  to  support  steep 
gradient  approaches  cun  be  evaluated. 

The  glideslope  Indio  tor  described  in  section  5 provides  more  position  information  to  the  pilot  of 
an  approaching  aircraft  than  i3  available  from  the  standard  7A3I  installation.  In  situ  lions  here 
precision  is  important  during  t.  o latter  stuges  cf  the  approach  and  where  touchdown  scatter  is  required 
to  be  small,  this  system  using  sharp-trans-tion  units  offers  considerable  benefits.  Hquiim ent  this 
type  has  been  shown  to  bo  well  suited  for  steep  and  two-ceg/..ont  approaches  and  it  should  be  considered 
for  conventional  operations,  particularly  if  the  length  of  runway  available  is  a critical  parameter, 
since  a 3nall  touchdown  scatter  can  allow  the  nominal  touchdown  point  to  be  moved  closer  to  the  runway 
threshold.  Touchdowns  closer  to  the  runway  threoliold  would  have  operational  benefits,  particularly  for 
high  performance  aircraft  with  poor  braking  characteristics. 

7.  CONCLUSIONS 

Very  large  vertical  fog  density  gradients  (with  height)  can  occur  in  established  fogs.  These  large 
variations  are  a major  cause  of  the  gr  at  variety  of  contact  heights  that  are  observed  in  low  visibility 
operations.  Lighting  maintenance  standards  are  poor  and  contribute  to  difficulties  that  exist  in  providing 
dequate  visual  references. 

Significant  improvements  can  be  obtained  in  the  visual  guidance  provided  by  approach  and  runway  light- 
ing by  using  lights  having  gre  ter  beam  dimensions  and  set  at  higher  elevation  angles,  host  cf  the  improve- 
ments can  be  obtained  in  all  but  the  very  lowest  visibilities  by  re-alignir.g  existing  lights  to  the  new 
elevation  angles. 

A precision  approach  path  indicator  (FAPI)  has  been  devein,  cd  for  steep  gradient  and  two-segment 
approach  trials,  This  equipment  provides  accurate  r.iulti -position  information  dur  r.g  the  approach  down  to 
very  lew  heights.  I.  ndings  made  using  this  equipment  have  been  achieved  wi „b  a touchdown  scatter  that  is 
much  smaller  than  is  normally  achieved. 
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Light 

Average 

Intensity 

(Candela) 

Beam  Spread  (dog) 

Elevation 
Setting 
Angles  (deg) 

iferi  xontal 

Vertical 

Approach 

20,000  * 

i 11 

i 5 

44  - 6 

20,000  " 

+ 13 

+ 5 

64  -9 

Run.* ay  edge 

10,000  * 

♦64 

i 32 
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TABLE  1 Lighting  Characteristics  - Comparison  of  Design  Study 
with  existing  equipment. 
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FIG.  8(a)  Experimental  Glideslope  Indicator  - centre  of  corridor  defined 
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FIG. 8(b)  Experimental  glideslope  indicator  - multi-position  information 
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SUMMARY 

A simple  head-up  display  (HUD),  giving  only  glide  path  information  with  a depressed  horizon  bar,  has 
been  tested  as  an  approach  aid  in  visual  flight  o nditions,  An  important  improvement  wsb  observed  in  the 
accuracy  of  the  glide  path  performance  when  approaches  with  the  use  of  a HUD  are  compared  with  visual 
approaches  without  an  approach  aid.  Using  the  HUD  decreased  the  standard  deviations  of  height  by  a faotor 
of  2 to  4 depending  on  distance  from  the  runway. 

From  this  limited  series  of  tests  no  significant  differences  in  other  flight  parameters  could  be 
demonstrated. 

The  subject  pilots  indicated  a preference  for  use  of  the  HUD  during  visual  approaches,  especially  in 
night  conditions, 

1.  INTRODUCTION 

In  military  aircraft  head-up  displays  (HUD)  are  used  to  a large  extent  to  increase  the  capabilities 
of  the  pi  lot/air  craft  combination  during  different  tasks.  The  displays  used  for  these  aircraft  are  very 
complex  because  they  use  quite  a number  of  symbols  to  present  information  on  a large  variety  of  flight 
parameters.  These  HUD's  also  have  several  modes  of  operation,  directed  to  the  different  phases  of  the 
mission,  one  of  them  being  approach  and/or  landing. 

For  civil  applications  the  use  of  a HUD  as  an  approach  aid  was  also  suggested)  referenoe  1.  Flight 
and  simulator  tests  have  been  conducted  to  study  the  use  of  a HUD  as  a primary  instrument  for  manual  con- 
trol - or  as  a monitor  of  the  auto-pilot  - during  bad  weather  approaches  and  as  an  aid  for  the  transition 
from  instrument  to  visual  flight  in  cat.  II  approaches)  references  2,  3 and  4. 

Because  of  the  relatively  large  number  of  approach  aocidents  occurring  in  good  weather  conditions  the 
HUD  was  also  proposed  as  an  approach  aid  - in  particular  for  glide  path  information  - in  visual  flight 
conditions.  Such  an  approach  aid  may  eaBe  the  pilot’s  task,  especially  under  circumstances  where  very  few 
visual  cues  are  available  to  judge  the  position  of  the  aircraft  relative  to  the  runway.  Such  an  assessment 
of  position  is  more  difficult  in  the  vertical  plane)  in  the  horizontal  plane  sufficient  information  iB  ob- 
tained from  the  runway  centre  line  and/or  edges,  even  at  night  when  the  edge  lights  are  on. 

To  provide  guidance  in  the  vertical  plane  Visual  Approach  Slope  Indicator  Systems  (VASIS)  have  come 
into  use  during  the  last  decade.  Ab  these  installations  have  only  a limited  range  (maximum  about  3 n.m.) 
especially  in  hazy  conditions,  and  as  not  all  runways  are  equipped  with  a VASIS,  a better  solution  to  the 
vertical  guidance  of  aircraft  can  have  a favourable  effect  on  approach  safety. 

In  the  last  few  ; ears  several  research  and  development  programmes  are  reported  in  which  simple  HUD- 
symbology,  giving  only  information  on  one  or  two  carefully  selected  flight  parameters,  has  been  used) 
references  5,  6 sued  7.  The  provision  of  glide  path  information  is  the  main  purpose  of  such  HUD's.  This 
information  is  derived  from  a so-called  displaced  horizon-bar,  which  is  used  either  with  or  without  a normal 
horizon-bar.  The  displaced  bar  is  depressed  approximately  3 degrees  from  the  horizon.  In  order  to  ease  the 
pilot's  taBk  in  bringing  the  aircraft  on  the  glide  path,  director  information  is  sometimes  also  fed  into 
the  displaced  horizon  bar,  references  6 and  7> 

To  obtain  quantitative  data  on  the  accuracy  of  visual  approaches  with  a HUD  oompared  with  approaches 
without  HUD  the  National  Aerospace  Laboratory  (NLR)  has  executed  two  series  of  flight  tests  with  a Beecbcraft 
Queen  Air  80.  The  first  series  of  tests  is  described  in  reference  8,  the  second  Beries  of  tests  is  described 
in  this  paper. 

In  this  series  fifteen  dayligh1  and  six  night  approaches  were  executed  with  the  aid  of  a HUD-presenta- 
tion  consisting  of  a 3 degrees  depressed  horizon  bar.  An  equal  number  of  approaches  were  nuide  without  HUD. 

In  order  to  make  the  pilot's  task  more  difficult,  it  was  stated  as  a requirement  for  the  tests,  that  no 
ground  texture  should  be  present  under  the  approach  path.  The  approaches  were  thus  selected  over  water  to 
simulated  touch  down  points  at  the  border  of  a lake.  The  direction  of  the  simulated  runway  was  indicated  by 
dikes  or  canals  behind  the  aiming  points. 

The  results  of  the  tests  as  obtained  from  measurements  of  some  important  flight  parameters  are  discussed. 
Subjective  opinions  of  the  three  evaluation  pilots  are  also  given. 

The  study  was  performed  under  contract  with  the  Department  of  Civil  Aviation  in  the  Netherlands. 

2.  HEAD-UP  DISPLAY 

The  HUD-aystem  used  for  the  approach  tests  was  intended  to  study  general  use  of  a HUD  - military  as  well 
sb  civil  - and  was  therefore  rather  complicated,  in  particular  with  reBpeot  to  sensors  and  interfaces.  In 
this  chapter  only  the  part  of  the  system  will  be  described,  that  wsb  necessary  for  the  HUD-presentation  used 
in  the  teste. 

The  operational  use  of  the  HUD-presentation  will  also  be  discussed, 

2.1  System  description 

The  Specto  Aviation  (now  Smith  Aviation)  HUD  used  for  the  tests  consists  of  a Wave  Form  Generator  (WFC), 
Pilot's  Display  Unit  (PDU),  Extra  High  Tension  Unit  (EHT),  solar  cell  and  oontrol  panel,  see  figure  1.  Sym- 
bology generated  in  the  WFG  is  written  on  a cathode  ray  tube  (CRT)  in  the  PDU,  The  image  of  the  CRT  is  viewed 
by  the  pilot  via  a folding  mirror,  a collimating  lens  (to  set  the  CRT-image  at  infinity)  and  a combining 
glass.  The  maximum  field  of  view  of  the  display  is  24  degrees  in  azimuth  and  elevation.  The  length  of  the 
horizon  bar  is  12  degrees. 

The  PDU  was  mounted  on  the  right-hand  side  of  the  cockpit  in  front  of  the  co-pilot's  seat,  see  figure  2, 
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t. 
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The  roll  stabilized  horizon  bar  is  driven  by  signals  from  the  platform  of  a Litton  LN-3  inertial 
system.  The  synchro  outputs  of  roll  and  pitoh  attitudo  are  conditioned  in  an  interfaoe  unit  to  provide  the 
d.c,  signals  for  the  WPG,  A biaB  input  selected  on  the  oontrol  panel  depresses  the  horizon  bar  3 degrees 
below  the  true  horizon. 

2.2  Operation 

Prom  a pilot^B  point  of  view  during  an  approaoh  the  ground  features  that  are  covered  by  the  depressed 
horizon  bar  are  3 below  the  horizontal  plane.  So  when  an  approach  to  a runway  is  made,  the  aircraft  is  on 
a 3 glide  path  when  the  depressed  horizon  bar  is  on  the  touch  down  point.  The  pilot's  task  is  thus  to 
maintain  this  bar  over  his  aiming  point  on  the  runway. 

When  the  horizon  bar  overlays  the  ground  in  front  of  the  touch  down  point  the  aircraft  iB  below  a 3° 
glide  path)  on  the  other  hand,  the  aircraft  is  above  the  glide  path  when  the  horizon  bar  is  beyond  the 
touch  down  point,  see  figure  3. 

In  cross-wind  conditions  with  drift  angles  of  more  than  6 degrees,  the  full  length  of  the  horizon  bar 
is  on  the  left-hand  or  right-hand  side  of  the  runway.  The  pilot  then  has  to  mentally  extrapolate  the  horizon 
bar  to  the  runway  to  judge  his  position  relative  to  the  touch  down  point.  For  the  test  aircraft  - approach 
speed  105  kts  - this  condition  arises  with  a cross-wind  component  more  than  11  kts. 

It  should  be  stressed  that  with  this  HUD  presentation  no  lateral  guidance  information  is  given.  This 
inforaiation  can  be  drawn  from  the  runway  centre  line  and/or  edgeu  and  therefore  the  requirement  for  lateral 
guidance  on  the  HUD  is  much  less  than  the  requirement  for  vertical  guidance.  Aircraft  height  during  the 
approach  iB  very  difficult  to  judge  especially  when  little  or  no  texture  is  visible  on  the  surface  below 
the  approach  path.  The  provision  of  glide  path  information  only  haB  an  advantage  that  a very  simple  display 
system  is  needed.  Ab  a consequence  the  reliability  of  the  HUD  is  increased,  which  will  have  a favourable 
effect  on  pilot's  acceptance  of  such  a system. 

The  head  down  instrumentation  available  to  the  subject  pilot,  consisted  of  airspeed  indicator,  altimeter, 
artificial  horizon  and  directional  gyro.  The  airspeed  indicator  was  installed  at  the  left-hand  side  of  the. 
instrument  panel  at  the  position  occupied  by  the  radio-altimeter  indicator  in  figure  2.  The  artificial 
horizon  was  very  difficult  to  read  due  to  the  obstruction  formed  by  the  PDU-mounting.  The  more  complete 
instrument  panel  on  the  left-hand  side  of  the  cockpit  waB  also  available  to  the  subject  pilot,  but  this  of 
course  waB  difficult  to  read  and  the  readings  were  influenced  by  large  parallax  errors. 

3.  TEST  PROGRAMME 

In  the  test  programme  30  daylight  and  12  night  approaches  were  executed  in  four  flights.  Table  1 
summarizes  the  approaches  in  terms  of  pilots  and  simulated  touch  down  points  (aiming  points).  In  table  2 a 
detailed  review  of  the  test  runs  - including  wind  conditions  - is  given. 

The  approaches  were  flown  with  a Beechcraft  Queen  Air  60  by  three  subject  pilots.  In  daylight  all  sub- 
ject pilots  flew  one  approach  with  HUD  and  one  approach  without  HUD  to  five  aiming  pointB,  Bee  figure  4.  The 
ten  approaches  of  a subject  pilot  were  equally  divided  over  two  flights.  During  a flight  two  pilots  alter- 
nated as  subject  and  safety  pilot,  Qiring  the  night  flight  three  approaches  with  HUD  and  an  equal  number  of 
approaches  without  HUD  were  flown  by  both  subject  pilots.  Only'three  of  the  five  aiming  points  were  used 
during  the  night  flight. 

Normally  a subject  pilot  made  two  approaches  and  then  pilots  changed.  Because  of  eome  unsuccessful 
approaches  due  to  recording  equipment  or  weather,  three  consecutive  approaches  had  to  be  made  by  one  pilot 
occasionally. 

The  approaches  were  started  at  an  altitude  of  15U0  ft  at  5 to  7 nm  from  the  aiming  point  with  the 
aircraft  lined  up  on  the  "extended  centre  line"  The  Bjbject  pilot  could  only  use  visual  cues  - or  the 
depressed  horizon  bar  of  the  HUD  - to  decide  at  what  position  to  Btart  hiB  descent. 

The  approaches  were  flown  with  an  indicated  approach  speed  of  IO5  kts,  with  gear  down  and  60  ^ flaps. 
Before  reaching  an  altitude  of  about  100  ft  an  overshoot  was  initiated. 

Prom  table  2 it  can  be  seen  that  the  surface  wind  conditions  during  the  tests  were  rather  Bevere,  up 
to  20  kts. Due  to  the  orientation  of  the  approaches  variable  conditions  with  respect  to  head/tail  wind  and 
cross-wind  were  experienced.  Both  the  head  wind  and  cross-wind  components  are  quite  normal,  however,  a 
tail  wind  of  more  than  5 kts  is  rather  unusual. 

Prom  this  chapter  it  can  be  seen  that  the  tests  were  executed  under  rather  difficult  environmental 
conditions  in  particular  with  respect  to: 

- the  absence  of  ground  texture  below  the  approach  path 

- the  difference  between  the  aiming  points  and  the  touch  down  point  on  a runway 

- the  severe  wind  conditions. 


4.  RESULTS 

4.1  Approach  parameters 

The  instrumentation  system  used  to  record  approach  parameters  is  described  in  the  appendix. 

The  accurate  reconstruction  of  the  aircraft  flight  path  during  over  water  approaches  is  a difficult 
problem.  In  such  cases  no  photographic  methods  can  be  used  to  determine  aircraft  position  from  ground 
features  on  photographs  taken  on  board  the  aircraft.  Also  no  ptical  means  or  radar  were  available  to  track 
the  aircraft. 

Distance  from  the  aiming  point  had  to  be  calculated  from  ground  speed  as  recorded  on  the  aircraft.  The 
range  calculation  was  started  at  the  end  of  the  approach  and  performed  in  the  reverse  direction. 

Prom  the  calculated  range  and  the  recorded  height  the  approach  path  in  the  vertical  plane  was  drawn. 
Using  these  graphs  the  aircraft  height  at  a number  of  fixed  distances  from  the  aiming  point  was  determined. 
These  heights  are  plotted  for  both  the  HUD-  and  the  no-HUD-approaches,  for  example  figures  5a  to  5c.  Prom 
these  results  mean  heights  and  standard  deviations  are  calculated  as  a function  of  range  from  the  aiming 
point,  figures  6a  to  6d. 

Prom  the  recordings  the  maximum  and  minimum  value  of  approach  speed  (calibrated  airspeed:  V ) were 
determined.  These  values  are  plotted  in  figure  7. 

The  maximum  and  minimum  values  of  flight  path  angle  (y),  pitch  attitude  (0)  and  heading  (t|>)  were  also 
determined  from  the  recordings.  The  differences  between  maximum  and  minimum  values  of  these  parameters  are 
given  in  figures  8,  9 and  10, 


The  roll  stabilized  horizon  bar  ii  driven  by  signals  from  the  platform  of  a Litton  LN-3  inertial 
system.  The  synohro  outputs  of  roll  and  pitoh  attitude  are  oondltloned  in  an  interface  unit  to  provide  the 
d.o.  signals  for  the  WFO,  A bias  input  seleoted  on  the  oontrol  panel  depresses  the  horizon  bar  3 degrees 
below  the  true  horizon, 

2.2  Operation 

From  a pilots  point  of  view  during  an  approaoh  the  ground  features  that  are  oovered  by  the  depressed 
horizon  bar  are  3 below  the  horizontal  plane,  So  when  an  approach  to  a runway  is  made,  the  alroraft  is  on 
a 3°  glide  path  when  the  depressed  horizon  bar  is  on  the  touoh  down  point.  The  pilot's  task  is  thus  to 
maintain  this  bar  over  his  aiming  point  on  the  runway. 

When  the  horizon  bar  overlays  the  ground  in  front  of  the  touoh  down  point  the  alroraft  is  below  a 3° 
glide  path|  on  the  other  hand,  the  aircraft  is  above  the  glide  path  when  the  horizon  bar  is  beyond  the 
touch  down  point,  see  figure  3. 

In  cross-wind  conditions  with  drift  angles  of  more  than  6 degrees,  the  full  length  of  the  horizon  bar 
is  on  the  left-hand  or  right-hand  side  of  the  runway.  The  pilot  then  has  to  mentally  extrapolate  the  horizon 
bar  to  the  runway  to  judge  hie  position  relative  to  the  touoh  down  point.  For  the  test  aircraft  - approaoh 
speed  105  kte  - this  condition  arises  with  a cross-wind  component  more  than  11  kts. 

It  should  be  stressed  that  with  this  HUD  presentation  no  lateral  guidance  information  is  given.  This 
information  can  be  drawn  from  the  runway  oentre  line  and/or  edges  and  therefore  the  requirement  for  lateral 
guidance  on  the  HUD  is  much  Ibbs  than  the  requirement  for  vertical  guidance.  Aircraft  height  during  the 
approach  is  very  difficult  to  judge  especially  when  little  or  no  texture  is  visible  on  the  eurfaoe  below 
the  approach  path.  The  provision  of  glide  path  information  only  has  an  advantage  that  a very  simple  display 
system  is  needed.  As  a consequence  the  reliability  of  the  HUD  is  increased,  which  will  have  a favourable 
effect  on  pilot's  acceptance  of  such  a system. 

The  head  down  instrumentation  available  to  the  subject  pilot,  consisted  of  airspeed  indicator,  altimeter, 
artificial  horizon  and  directional  gyro,  The  airspeed  indicator  was  installed  at  the  left-hand  Bide  of  the. 
instrument  panel  at  the  position  occupied  by  the  radio-altimeter  indicator  in  figure  2,  The  artificial 
horizon  was  very  difficult  to  read  due  to  the  obstruction  formed  by  the  PDU-mounting.  The  more  complete 
instrument  panel  on  the  left-hand  side  of  the  cockpit  was  also  available  to  the  subject  pilot,  but  this  of 
course  was  difficult  to  read  and  the  readings  were  influenced  by  large  parallax  errors. 

3.  TEST  PROGRAMME 

In  the  test  programme  30  dayli^it  and  12  night  approaches  were  executed  in  four  flights.  Table  1 
summarizes  the  approaches  in  terms  of  pilots  and  simulated  touch  down  points  (aiming  points).  In  table  2 a 
detailed  review  of  the  test  runB  - including  wind  conditions  - is  given. 

The  approaches  were  flown  with  a Beechcraft  Queen  Air  80  by  three  Bubject  pilots.  In  daylight  all  sub- 
ject pilots  flew  one  approach  with  HUD  and  one  approach  without  HUD  to  five  aiming  points,  see  figure  4.  The 
ten  approaches  of  a subject  pilot  were  equally  divided  over  two  flights.  During  a flight  two  pilots  alter- 
nated as  subject  and  safety  pilot.  Qiring  the  night  flight  three  approaches  with  HUD  and  an  equal  number  of 
approaches  without  HUD  were  flown  by  both  subject  pilots.  Only'threo  of  the  five  aiming  pointB  were  used 
during  the  night  flight. 

Normally  a subject  pilot  made  two  approaches  and  then  pilots  changed.  Because  of  some  unsuccessful 
approaches  due  to  recording  equipment  or  weather,  three  consecutive  approaches  had  to  be  made  by  one  pilot 
occasionally. 

The  approaches  were  started  at  an  altitude  of  1500  ft  at  5 to  7 nm  from  the  aiming  point  with  the 
aircraft  lined  up  on  the  "extended  centre  line"  The  subject  pilot  could  only  use  visual  cues  - or  the 
depres.  ed  horizon  bar  of  the  HUD  - to  decide  at  what  position  to  start  his  descent. 

The  approaches  were  flown  with  an  indicated  approach  speed  of  105  kts,  with  gear  down  and  60  % flaps. 
Before  reaching  an  altitude  of  about  100  ft  an  overshoot  was  initiated. 

From  table  2 it  can  be  seen  that  the  surface  wind  conditions  during  the  tests  were  rather  severe,  up 
to  20  kts. Due  to  the  orientation  of  the  approaches  variable  conditions  with  respect  to  head/tail  wind  and 
cross-wind  were  experienced.  Both  the  head  wind  and  croBS-wind  components  are  quite  normal,  however,  a 
tail  wind  of  more  than  5 kits  is  rather  unusual. 

From  this  chapter  it  can  be  seen  that  the  tests  were  executed  under  rather  difficult  environmental 
conditions  in  particular  with  respeot  toi 

- the  absence  of  ground  texture  below  the  approach  path 

- the  difference  between  the  aiming  points  and  the  touch  down  point  on  a runway 

- the  severe  wind  conditions. 

4.  RESULTS 

4.1  Approach  parameters 

The  instrumentation  system  used  to  record  approach  parameters  is  described  in  the  appendix. 

The  accurate  reconstruction  of  the  aircraft  flight  path  during  over  water  approaches  is  a difficult 
problem.  In  such  cases  no  photographic  methods  can  be  used  to  determine  aircraft  position  from  ground 
features  on  photographs  taken  on  board  the  aircraft.  Also  no  optical  means  or  radar  were  available  to  track 
the  aircraft. 

Distance  from  the  aiming  point  had  to  be  calculated  from  ground  speed  as  recorded  on  the  aircraft.  The 
range  calculation  was  started  at  the  end  of  the  approach  and  performed  in  the  reverse  direction. 

From  the  calculated  range  and  the  recorded  height  the  approach  path  in  the  vertical  plane  was  drawn. 

Using  these  graphs  the  aircraft  height  at  a number  of  fixed  distances  from  the  aiming  point  was  determined. 
These  heights  are  plotted  for  both  the  HUD-  and  the  no-HUD-approaches,  for  example  figures  5a  to  5c.  From 
these  results  mean  heights  and  standard  deviations  are  calculated  as  a function  of  range  from  the  aiming 
point,  figures  6a  to  6d. 

From  the  recordings  the  maximum  and  minimum  value  of  approach  speed  (calibrated  airspeed*  Vc)  were 
determined.  These  values  are  plotted  in  figure  7. 

The  maximum  and  minimum  values  of  flight  path  angle  (y),  pitch  attitude  (0)  and  heading  (t|>)  were  also 
determined  from  the  recordings.  The  differences  between  maximum  and  minimum  values  of  these  parameters  are 
given  in  figures  8,  9 and  10. 
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4.2  Pilot's  opinion 

The  subject  pilots  participating  in  the  test  programme  were  all  of  the  opinion  that  their  HUD- 
approaohes  were  more  stable  than  the  no-HUD-approaches}  moreover  this  better  perfonnance  oould  be  obtained 
with  less  effort. 

It  proved  very  natural  to  interpret  the  indication  of  the  depressed  horizon  bar  and  thus  to  bring  and 
maintain  the  aircraft  on  the  glide  path.  Corrections  could  be  made  without  any  noticeable  mental  effort. 
Deviations  of  the  depressed  horizon  bar  from  the  aiming  point  were  already  observed  when  they  were  still 
very  small. 

The  difference  in  approach  stability  was  even  more  pronounced  in  night  conditions.  Visible  features 
on  the  ground  consisted  only  of  some  lights  at  or  near  the  aiming  point,  so  very  few  ground  cues  were 
available  in  the  night  approaches.  In  some  approaches  without  HUD  there  was  a strong  tendency  to  remain 
far  too  high  until  quite  close  to  the  aiming  point.  The  airoraft  was  then  brought  back  to  the  glide  path 
with  a rather  steep  descent.  This  is  essentially  a dangerous  situation  because  of  the  high  rates  of  descent 
at  low  heights.  This  high  rate  of  descent  may  be  maintained  too  dose  to  the  ground,  in  particular  as  the 
pilot  may  still  have  difficulties  in  estimating  his  height.  Besides  large  power  corrections  and  attitude 
changes  are  needed  to  fly  such  a curved  approach  path. 

It  is  known  that  several  acoidents,  in  good  weather  conditions,  in  which  aircraft  crashed  a short 
distance  in  front  of  the  runway,  can  be  attributed  to  this  type  of  approach  instability. 

In  figure  11  recordings  of  night  approaches  with  and  without  HUD  to  aiming  point  no.  1 - see  figure  4 - 
are  given.  These  approaches  were  flown  by  the  Bame  pilot.  The  tendency  to  remain  high  on  the  glide  path  in 
the  no-HUD-approach,  and  the  absence  of  this  tendency  in  the  HUD-approach,  is  clear  from  this  comparison. 

One  of  the  drawbacks  of  the  HUD  is  the  obstruction  of  the  "combining"  glass.  Apart  from  the  physical 
obstruction,  an  optical  obstruction  it  also  present  and  Bmall  details  at  the  limit  of  the  visible  range  may 
become  unnoticed  or  be  less  clear.  The  pilot  therefore  has  a tendency  to  look  for  these  details  while 
viewing  along  the  side  of  the  combining  glass.  For  normal  viewing,  to  clear  objects,  the  combining  glass  is 
hardly  noticeable. 

As  indicated  in  paragraph  2.2  the  horizon  bar  is  rather  short  - 6 degrees  either  side  of  the  centre 
It  is  to  the  side  of  the  aiming  point  in  moderate  and  severe  cross-wind  conditions  (drift  angles  more  than 
6 degrees).  Although  this  is  an  extra  complication,  the  extrapolation  of  the  horizon  bar  to  the  aiming  point 
does  not  bring  about  large  difficulties  to  the  pilot.  An  enlarged  horizon  bar  would  also  make  this  drawback 
less  severe, 

5 DISCUSSION 

It  can  be  seen  clearly  from  figures  % to  5c  that  deviations  from  a nominal  or  mean  glide  path  are  much 
less  during  HUB-approaches  and  that  no  striking  differences  exist  between  the  performance  of  the  three  pilotB, 
also  the  aiming  point  has  no  influence  on  approach  accuracy. 

In  figures  6a  to  6d  the  results  of  the  height  measurements  are  summarized.  Statistical  analysis  has 
shown  no  significant  difference  between  the  mean  height  of  the  HUD-  and  no-HUD-approacheB  during  daylight. 

Mean  heights  are  quite  close  to  the  nominal  height  on  a 3 degrees  glide  path}  the  mean  approach  angle  of  the 
daylight  approaches  is  about  2.8  degrees. 

The  results  of  the  HUD-approaches  at  night  - figure  6d  - compare  very  well  with  the  daylight  HUD- 
approaches  - figure  6b  - indicating  a very  stable  approach  under  varying  light  conditions.  However,  the  no- 

HUD-approaches  made  at  night  - figure  6c  - have  a mean  height  significantly  greater  than  the  mean  height  of 

the  daylight  approaches  - figure  6a  -.  These  quantitative  results  are  supported  by  the  subjective  opinion  of 
the  pilotB.  When  not  using  HUD  they  observed  by  themselves  a tendency  to  remain  high  during  the  ni^it 
approaches.  The  dangers  of  this  line  of  conduct  are  already  discussed  in  paragraph  4.2,  In  figure  11  an 
example  of  such  an  approach  is  compared  with  a HUD  approach  to  the  Bame  aiming  point  and  flown  by  the  same 
pilot.  Until  1 7C  -60  sec  in  the  no-HUD-approach  the  aircraft  iB  more  than  400  ft  above  the  nominal  glide  path, 
that  was  flown  very  accurately  in  the  HUD-approach,  At  t«s  -45  Eec  the  pilot  starts  a steep  descent  from  a 

height  of  about  900  ft  with  a rate  of  descent  of  more  than  1000  ft/min.  This  high  rate  of  descent  - about 

twice  the  value  measured  during  the  HUD-approach  - is  maintained  down  to  about  150  ft.  The  much  less  accurate 
no-HUD-approach  was  executed  after  the  HUD-approach}  so  even  the  effect  of  having  made  an  approach  to  the 
same  target  only  40  minutes  earlier,  does  not  preclude  the  pilot  from  making  an  unstable  approach. 

The  standard  deviations  of  height  of  the  no-HUD- approaches  in  both  daylight  and  nigdit  conditions  are 
significantly  greater  than  those  of  the  HUD-approaches.  Without  HUD  the  starxlard  deviations  of  height  are  2 
to  4 times  as  great  as  the  standard  deviations  of  the  HUD-approaches.  They  are  about  equal  for  day  and  night 
conditions  when  the  HUD  is  used}  however,  the  standard  deviations  of  height  during  no-HUD-approaches  are  even 
larger  at  night,  see  figure  12, 

The  uBe  of  a HUD  had  no  significant  influence  on  other  approach  parameters.  It  may  be  argued  that  de- 
viations from  the  reference  indicated  airspeed  (105  kts)  should  be  less  during  the  more  Btable  HUD-approaches. 
However,  figure  7,  doeB  not  show  significant  differences  between  HUD-  and  no-HUD-approaches.  The  same  applies 
to  flight  path  angle,  pitch  attitude  and  heading  as  shown  in  figures  6,  9 and  10, 

From  this  series  of  tests  no  noticeable  influence  of  the  wind  on  glide  path  performance  could  be  found, 
even  though  cross-wind  components  of  more  than  11  ktB,  with  drift  angles  more  than  6 degrees  were  experienced. 
As  already  explained  i-  paragraph  4.2,  in  heavy  crosB-wind  conditions  the  horizon  bar  ie  beside  the  aiming 
point.  The  pilot  then  had  to  mentally  extrapolate  the  horizon  bar  to  the  aiming  point  to  determine  hiB  posi- 
tion on  the  glide  path. 

At  this  point  Borne  additional  remarks  on  the  limitations  of  the  tests  are  appropriate.  Only  a limited 
number  of  approaches  haB  been  made.  A more  elaborate  series  of  tests  is  necessary  to  evaluate  the  HUD  in  more 
detail,  especially  with  regard  to  the  influence  of  the  weather.  The  weather  conditions  were  about  the  same  in 
three  of  the  four  flights  with  surface  windB  of  15  to  20  kts}  during  the  first  flight  the  wind  was  much  lees, 
only  5 kts.  These  differences  do  not  warrant  definite  conclusions  with  regard  to  wind  influence  - see  table  2- 

In  the  present  tests  only  roll  angle  and  heading  have  been  measured}  as  already  mentioned  before  no 
differences  between  HUD  and  no-HUD-approaches  could  be  determined  from  these  parameters.  However,  lateral 
performance  - e.g.  deviations  from  the  extended  centre  line  - could  not  be  measured  in  this  test  series. 

The  test  results  apply  to  the  Beechcraft  Queen  Air  80  with  the  HUD-system  as  discussed  in  chapter  2 
The  application  of  these  results  to  other  aircraft  and  HUD-Byetems  (symbology  and  sensors)  should  only  be 
done  with  care. 


16-4 


6 CONCLUSIONS 

In  a series  of  flight  testa  with  a Beeahoraft  Queen  Air  80,  approaches  have  Been  made  to  evaluate  a 

simple  HUB  as  an  approach  aid  in  good  visibility  conditions.  From  these  tests  the  following  conclusions  can 

be  drawn, 

- In  daylight  conditions  no  significant  difference  in  the  mean  height  during  HUD-  and  no-HUD-approaches  was 
observed.  Standard  deviations  of  height,  however,  are  decreased  by  a fnotor  of  2 to  4 using  a HUB, 

- In  night  conditions  there  ie  a marked  tendency  to  remain  high  above  the  glide  path,  resulting  in  a high 
rate  of  descent  at  low  altitude  when  no  HUB  is  uBed  as  an  approach  aid.  With  the  HUB,  approach  accuracy 
is  not  deteriorated  with  regard  to  daylight  conditions, 

- The  increased  accuracy  in  height  performance  with  the  HUD  was  not  reflected  in  a significantly  increased 
stability  of  the  other  approach  parameters  Buch  as  Indicated  airspeed  or  flight  path  angle, 

- The  three  subject  pilots,  who  have  flown  the  approaches  agreed  that  the  HUB  was  a valuable  aid  in  good 
visibility  conditions.  As  approach  conditions  became  more  difficult  - because  of  a decrease  in  the  texture 
visible  on  the  ground  - the  subjective  value  of  even  this  simple  HUD  increased.  When  using  the  HUD,  the 
pilot's  task  was  much  easier  than  without  HUD,  especially  at  night. 

- The  results  of  these  tests  have  been  obtained  from  a relatively  small  number  of  approaches  flown  with 
one  aircraft.  The  application  of  the  tests  to  other  circumstances  should  only  be  done  with  proper  care. 
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Table  l 

Classification  of  approaches 


HUD  2:  displaced  horizon  bar 


Symbols  used  in  figures  to  indicate  subject  pilots 


SPffcro 
control 
pan  rt 


HL  H 
CC*r»oi 

PANfL 


PILOT* 

0'frt*r 


TOUCH  DOWNPOINT 


3*  DISPLACED  HOBIZQN 

6 flff  * 


ONCLfDCPftTW 


duping  st'fjr rrj’f* rr 

• Nor  uico" ro»  *uO  - 

I p#r 

|ro«  arco»0'*a  only 


ffUNWflY 


FIG.  Is  BLOCK  DIAGRAM  OF  THE  HUD-  SYSTEM. 


7 OUCH  DOWNPOINT 


BELOW  GLIDE  PRTH 


PflOVf  SHOE  PWTH 


FIG.  3:  THE  POSITION  OF  A 3°  DEPRESSED 
HORIZON  DURING  AN  APPROACH. 


FIG.  2:  PILOT’S  DISPLAY  UNIT  IN  THE  COCKPIT  OF  THE 
BEECHCRAFT  QUEEN  AIR  80. 


FIG.  4:  OVER  WATER  APPROACHES  FLOWN  DURING  TESTS 
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SYMBOLS  INDICATE  SUBJECT 
PILOTS,  SEE  TABLE  1 

NOMINAL  HEIGHT,  3°  GLIDE  PATH 

MEAN  HEIGHT 


FIG.  5a:  RANGE  1500  m. 


FIG.  5b:  RANGE  2500  m. 


FIG.  5:  AIRCRAFT  HEIGHT  AT  SPECIFIC  RANGES  FROM  THE  AIMING  POINT 
DURING  NO-  HUD-  AND  HUD-  APPROACHES. 


FIG.  7:  MAXIMUM  AND  MINIUM  CALIBRATED  AIR  SPEED  ( Vc  ) DURING  NO-  HUD-  AND  HUD-  APPROACHES 


DIFFCNCNCC  'ThiNIMUM  (DuglNa  0Nf  *P**C*Cn) 

a,  NO  HUD 


NIGHT 


FIG.  8:  "RANGES"  OF  FLIGHT  PATH  ANGLE 


DURING  NO-  HUD-  AND  HUD-  APPROACHES 


DIFFSNtNCl  * MAXIMUM  MINIMUM 


NIGHT 


OIFFE  ffNCf 


RANGES"  OF  PITCH  ATTITUDE  ( 0 ) DURING  NO-  HUD-  AND  HUD-  APPROACHES 
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_ InBt^ment4ti£^_ 

In  order  to  obtain  relevant  data  from  the  approaches  the  following  parameters  were  reoorded  on  an 
ACB-Schlumberger  A 1322  trace  recorder,  running  at  4 mm  per  sect 


Plight  parameter 

Sensor 

Range 

calibrated  airspeed i VQ 
ground  speed i 
height  i hjj 

flight  path  angle i y 
pitch  attitude!  0 

roll  angle!  0 

heading!  4* 

event  marking 

air  data  oomputer 
inertial  system 
radio-altimeter 

inertial  system  and  air  data  computer 
inertial  platform 
inertial  platform 
inertial  platform 

90  - 120  lets 

70  - 135  kts 
0 - 1500  ft 
- 9°  - ♦ 3° 

-10°  - +10° 

-30°  - +30° 

-45°  - +45° 

The  calibrated  airspeed  was  reoorded  as  the  difference  from  the  reference  speed  during  the  approaohest 
105  lets. 

The  aircraft  height  was  measured  with  a radio-altimeter. 

The  flight  path  angle  was  calculated  from  vertical  speed  and  ground  speed.  The  ground  speed  was  ob- 
tained from  the  inertial  system,  while  vertical  speed  was  obtained  by  integrating  the  vertical  accelera- 
tion signal  from  the  platform.  In  order  to  eliminate  drift  effects  this  signal  waB  combined  with  the  vertioal 
speed  from  the  air  data  computer, 

The  heading  of  the  aircraft  was  recorded  as  the  difference  from  the  "runway"  heading. 
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LE  SYSTEME  D' ATTERRISSACE  TOUS  TEMPS  DU  MERCURE 


par 

Armand  Pi  Id 

Avlons  Marcel  Dassault/BrAguet  Aviation 
78,  quai  Carnot 
92210  - SAINT-CLOUD 
FRANCE 


RESUME 

Lea  dlffArentes  versions  du  systAme  d'atterr lssage  toua  temps  du  MERCURE  sont  rappelAes  en  intro- 
duction. Ce  papier  est  ensuite  consacrA  A la  description  des  caractArlstiques  principales  de  l'une  des 
versions  du  systAme,  dans  laquelle  le  commandant  de  bord  dispose  d' informations  colliraatAes  "tete  haute" 
destlnAes  A amAliorer  son  apprAciation  A la  hauteur  de  decision  et  A faclllter  sa  tAche  dans  le  cas  ou  un 
retour  en  pilotage  manuel  seralt  nAcessalre. 


INTRODUCTION 

Le  systAme  d'atterrlssage  tous  temps  du  MERCURE,  congu  dAs  l'orlgine  pour  satlsfalre  aux  exigences 
de  la  CatAgorle  III,  se  caractArlse  par  une  trAs  grande  facilltA  d'adaptatlon  aux  ImpAratlfs  opdratlonnels 
propres  A chaque  exploltant.  Plusleurs  versions  sont  ainsl  possibles,  rAallsAes  A partir  d'AlAments  de  base 
communs.  Des  ensembles  BENDIX  PB  75  M en  constituent  la  partie  centrale,  et  assurent  les  fonctlons  de  Pilote 
Automatlque  (PA)  et  Directeur  de  Vol  (DV).  Une  automanette  et  un  calculateur  de  DAcrabe  sAparAs,  fournitu- 
res  A.M.D./B.A.,  complAtent  le  systAme, 

Une  version  opAratlonnelle  aprAs  panne  permet  de  satlsfalre  aux  exigences  de  la  CatAgorle  III  A 
OACI.  Elle  comporte  deux  chalnes  Pilote  Automatlque/Dlrecteur  de  Vol  (Fig.  1),  entiArement  sAparAes,  fonc- 
tlonnant  en  permanence  durant  l'approche  et  1 'atterrlssage  automatlque.  Chaque  chalne  est  monltorAe  et 
dAtecte  ses  propres  pannes.  En  cas  de  dAfaillance  d'une  chalne,  celle-ci  est  automatlquement  dAconnectAe 
et  le  pilotage  de  l'avlon  est  assurA  jusqu'A  l'impact  par  la  chalne  intAgre. 

Une  version  opAratlonnelle  aprAs  panne  avec  rAfArences  vlsuelles  permet  de  satlsf.'iire  aux  exi- 
gences de  la  CatAgorle  III  avec  une  hauteur  de  dAclsion  de  50  ft  assoclAe  A une  portAe  visuelle  de  piste 
de  150  m.  Elle  comporte  une  chalne  Pilote  Automatlque/Dlrecteur  de  Vol,  passive  aprAs  panne,  et  une  chalne 
de  prAsentatlon  d1  Informations  de  pilotage  sur  un  colllmateur  tete  haute,  ou  "Head-Up  Display"  (Fig.  3). 
Chaque  chalne  est  monltorAe  et  dAtecte  ses  propres  pannes.  Lr  systAme  comprend  Agalement  une  chalne 
Directeur  de  Vol  copilote,  distincte  des  deux  prAcAdentes.  En  cbb  de  dAfaillance  de  la  chalne  Pilote 
Automatlque,  celle-cl  est  automatlquement  dAconnectAe  et  une  alarme  de  reprise  en  mains  est  fournle  A 
l'Aquipage,  SI  un  contact  visuel  extArleur  satlsfaisant  a AtA  Atabll  - c'est  le  cas  au-dessous  de  la  hau- 
teur de  dAclsion  - 11  est  alors  possible  de  poursulvre  T'approche  en  pilotage  manuel  A l'alde  des  informa- 
tions colllmatAes  dans  le  champ  des  rAfArences  vlsuelles  du  commandant  de  bord. 

Une  version  passive  aprAs  panne  permet  de  satlsfalre  aux  exigences  de  la  CatAgorle  III  avec 
hauteur  de  dAclsion  dans  des  conditions  d'exploltatlon  analogues  A celles  des  CARAVELLE  de  la  Compagnie 
AIR-INTER.  Cette  version  est  semblable  A la  prAcAdente,  mala  ne  comporte  pas  le  colllmateur  tAte  haute 
(Fig.  2).  En  cas  de  dAfaillance  de  la  chalne  Pilote  Automatlque,  en  conditions  de  visibilitA  de  CatAgorle 
III,  l'apparltlon  de  l'alarme  de  reprise  en  mains  dolt  Atre  sulvie  d'une  procAdure  d'approche  interrompue. 

II  exlste  enfln,  mentionnAe  icl  pour  mAmolre,  une  version  sans  calculateur  d'arrondl,  satlsfal- 
sant  aux  exigences  de  la  CatAgorle  II. 

L'objet  du  prAsent  papier  est  de  prAsenter  le  systAme  d'atterrlssage  tous  temps  dans  sa  version 
avec  colllmateur,  qul  Aquipe  les  MERCURE  destlnAs  A la  Compagnie  AIR-INTER. 


CONCEPTS  OPERATIONNELS 

Dans  la  version  AIR-INTER  du  systAme  d'atterrlssage  tous  temps  du  MERCURE,  une  hauteur  de  dAcl- 
sion de  50  ft,  assoclAe  A une  portAe  vieuelle  de  piste  de  150  m a AtA  cholsie  en  accord  avec  les  autoritAs 
franqalses  de  certification.  L'adoptlon  d'une  hauteur  de  dAclsion  non  nulle,  qul  n'est  pas  explicltement 
ImposAe  dans  la  dAfinitlon  de  la  CatAgorle  III  OACI,  appelle  les  commentalres  suivants  : 

- SI  une  autorisatlon  d'emploi  en  CatAgorle  III  A (portAe  visuelle  de  piste  comprise  entre  200  m et  400  m) 
a dAJA  AtA  donnAe,  les  CetAgorles  III  B et  III  C,  qul  n'imposent  aucune  rAfArence  visuelle  dans  la  phase 
finale  de  1 'atterrlssage,  semblent  ne  pas  Atre  envlsageables  dans  l'Atat  actuel  des  aAroports,  dont 
l'lnstallation  de  guidage  standard  est  1'ILS.  Dans  ce  cas,  et  quelles  que  soient  les  qualitAs  des  systA- 
mea  A bord  des  avlons,  11  est  en  effet  indispensable,  avant  l'atterrlssage,  de  contrOler  que  la  trajec- 
tolre  radlo-Alectrlque  sulvie  par  l'avlon  aboutit  correctement  sur  la  piste. 
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- La  nAcessltA  d'un  contrfila  final  Atant  admlaa,  1 'expArlence  acqulse  aur  lea  CARAVELLE  d'AIR-INTER  montre 
qu'll  eat  pratlquemant  Coujoura  poaalbla,  au  niveau  des  yeux  du  pllote,  d'aparcevolr  la  plate  A une 
hauteur  au  molna  Agile  au  l/8Ame  environ  de  la  portAa  vlauelle  de  plate  annoncAe.  Pour  un  avion  comme  le 
MERCURE,  et  pour  une  portAe  vlauelle  de  plate  de  ISO  m,  la  hauteur  dee  rouea  dana  ca  caa  eat  aupArleure 
A SO  ft,  DAe  lore,  11  eat  poaalbla  d'lnpoaer  une  hauteur  de  dAclelon  Unite  de  SO  ft  aana  lntrodulre  de 
contralnte  opAratlonnelle,  L'avantage  eat,  par  contra,  Important,  pulaque  1 'application  d'une  hauteur 
de  dAclalon  de  50  ft  donne  l'aaaurance  d'une  trajectolre  corrects,  par  un  contrOle  qul  a'effectue  au 
plua  tard  A une  hauteur  ofi,  al  nAceeaaira,  la  remlae  de  gac  peut  encore  a'effectuer  avec  l'aaaurance  de 
ne  paa  toucher  le  aol,  Ce  dernier  point  eat  fondamental  pulaque,  al  le  contact  vlauel  n'eat  paa  Atabll 
A la  hauteur  de  dAclalon,  11  n'eat  paa  poaalbla  d'etre  edr  que  l'avlon  aolt  au-deaaua  de  la  plate. 


STRUCTURE  GENERALE  DU  SYSTEME 

Nous  ne  revlendrona  paa  aur  la  definition  de  prlnclpe  de  la  veralon  AIR-INTER,  dAJA  expoaAe, 

Dans  tout  ce  qul  suit,  nous  ne  ferona  mention  que  dea  AlAments  lntervenant  au  cours  de  la  partle  finale  de 
l'approche,  au-desaoua  de  1000  ft,  altitude  A laquelle  lntervlent  la  sAlectlon  du  mode  LAND  par  l'Aqulpage, 
Lea  phases  de  capture  Locallseur  et  Glide  et  d'acqulsltlon  de  vlteaae  par  l'automanette  ne  aeront  done  paa 
dAcrltea,  Lea  fonctlons  dlrecteur  de  vol  et  amortlsseur  de  lacet,  dont  l'utlllsatlon  eat  facultative,  ne 
seront  pas  ,.on  plus  abordAea, 

Nous  consldArons  lea  sous-systAmes  suivants  : 

- Sous-aystAme  pllote  automatlque  : 

Le  pllote  automatlque  contrOle  lea  axes  de  profondeur  et  de  gauchlsaement.  En  atterrlasage  auto- 
matlque, 11  utilise  lea  Informations  dAlivrAes  par  le  gyroscope  de  vertlcale  n"  1,  le  radlo-altlmbtre 
n°  1,  le  rAcepteur  IIS  n°  1,  et  1 'accAlAromAtre  normal  n‘  1, 

II  comprend  un  calculateur  de  tangage,  un  calculateur  de  roulis  et  un  adaptateur  aux  commander 
de  vol,  auxquels  11  convlent  d'ajouter  l'Atage  d'ampllf lcatlon  et  d'asservlssesient  dea  servo-commandes 
auxllialres  Alectro-hydrauliques  de  profondeur  et  de  gauchlssement,  qul  transmettent  A la  tlmonerle  lea 
ordres  du  pllote  automatlque, 

Un  systAme  de  trim  automatlque,  mentionnA  lcl  pour  mAmolre,  asservlt  la  position  du  plan  hori- 
zontal au  disposltlf  de  restitution  d'effort  en  profondeur, 

- Sous-aystAme  automanette  : 

Une  automanette  assure,  lorsqu'elle  eat  utlllsAe,  la  commande  automatlque  des  manettes  de  gaz 
pour  1 'acquisition  et  le  maintlen  d'une  vitesse  de  l'avlon  prAafflchAe.  Elle  effectue  Agalement  la  rAduc- 
tlon  automatlque  des  gaz  au  cours  de  la  manoeuvre  d'arrondl. 

Le  calculateur  d'automanette  utilise  des  Informations  AlaborAes  par  les  centralea  aArodynamiques, 
les  accALAromAtres  longltudlnaux,  le  gyroscope  de  vertlcale  n’  1,  le  radlo-altlmAtre  n°  1.  II  envole  des 
ordres  Alectrlques  au  vArin  d'automanette,  qul  actionne  les  manettes  de  gaz  par  1 ' lntermAdlalre  d'un 
embrayage, 

- Sous-aystAme  dAcrabe  : 

Un  disposltlf  de  dAcrabe  assure,  lore  de  1 'atterrlssage  automatlque,  la  remise  de  l'avlon  dans 
l'axe  de  la  piste  par  action  sur  la  commande  de  lacet. 

Le  calculateur  de  dAcrabe  fonctlonne  A partlr  des  Informations  d'Acarts  QFU-Cap  et  d'altitude 
radlo-altlmAtrlque.  II  envole  des  ordres  Alectrlques  au  vArin  de  dAcrabe,  qul  aglt  sur  les  gouvernes  de 
direction  par  1 ' lntermAdlalre  de  la  commande  de  trim, 

- Soua-svstAme  col lima teur,  ou  "Head-Up  Display"  : 

Le  rOle  du  colllmateur  est  de  prAsenter  dans  le  champ  des  rAfArences  vlsuelles  extArleures  du 
commandant  de  bord  les  Informations  qul  lul  sont  nAcessaires  dans  le  cas  ou,  par  suite  d'une  dAfalllance 
du  systAme  de  pilotage  automatlque,  11  revolt  1'ordre  de  reprendre  en  mains  l'apparell  (apparition  du 
voyant  FLASH),  En  fonctlon  de  seB  AlAments  d'apprAclatlon,  le  conraandant  de  bord  peut  alors  dAclder  de 
pour8ulvre  1 'atterrlssage  en  pilotage  manuel,  A l'alde  des  informations  colllmatAes  sulvantes  (Fig. 4)  : 

. asslette  de  roulis  pour  le  maintlen  des  alles  horizontales, 

, asslette  de  tangage, 

. barre  d' incidence  dont  la  prAsence  au  voislnage  de  la  maquette  fixe  faclllte  la  manoeuvre 
d'arrondl, 

En  cas  de  dAclalon  de  remettre  les  gaz.  les  Informations  colllmatAes  sulvantes  sont 
utillsAes  : 


, asslette  de  tangage  avec  repAre  spAclallsA  pour  la  remise  des  gaz, 

. asslette  de  roulis  pour  le  maintlen  des  alles  horizontales, 

, Acart  de  cap. 

Pour  rAallser  ces  fonctlons,  le  colllmateur  revolt  des  slgnaux  en  provenance  du  gyroscope  de 
vertlcale  n°  3,  indApendant  des  chaines  pllote  automatlque  et  dlrecteur  de  vol  pllote  et  copllote,  et 
reqolt  Agalement  des  informations  d'incldence. 


^ - 


17-3 


En  complement,  le  col lima teur  fournlt  une  Indication  de  tendance  latdrsls,  qul  aeeure  lee  fonc- 
tlons  d'dcart  de  cap,  utlllsde  en  cai  de  remlee  dee  gas,  et  de  roulage  au  aol  ou  tenue  d'axe  de  plete, 
dlsponlble  A partlr  du  ddbut  de  la  manoeuvre  de  ddcrabe,  Let  lnformatlone  utilities  eont  alore  l'dcart 
QFU-Cap  et  l'dcart  Locallieur.  Enfin,  le  colllmateur  comprend  deux  voyante  de  hauteur  de  ddclslon  (DH), 
alnsl  qu'un  voyant  de  panne  de  la  fonction  ddcrabe. 


I 


i 

l 


i 
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PERFORMANCES  ET  LOIS  DE  PILOTAGE 

Lea  performances  du  systdroe  aatlefont  aux  exigences  de  l'Advitory  Circular  20-57  A de  la  FAA, 
qul  ddfinit  lea  critdreu  de  certification  dee  systbmes  d'atterrleeage  automatlque  pour  lea  avlona  de 
transport  civil. 

II  a dtd  cholsl  de  tlrer  un  maximum  d'avantages  dea  excellentes  qualltds  de  vol  de  l'avion  en  vue 
de  parvenlr  A dea  lots  de  pilotage  aussl  simples  que  possible,  afin  de  confdrer  au  systbme  une  meilleure 
erddibilitd  et  une  flabilltd  plus  grande.  Aussl,  lea  lois  de  pilotage  utlllsdes  sont-elles  gdndralement 
classlques,  et  nous  n'en  ddcrlrons  il-aprbs  que  quelques-uns  des  caractbres  prlncipaux. 

- Axe  de  tannage  (Fig.  5)  : 

Durant  la  partie  finale  de  l'approche  et  l'atterrissage,  les  seules  informations  utlllsdes  sont 
l'dcart  Glide,  1 'accdldration  normale,  l'altitude  radio-altimdtrique  et  l'asslette  longltudlnale.  II 
n'est  pas  fait  appel  aux  informations  andmomdtriques,  qul  ne  sont  utlllsdes  qu'au-dessus  de  1000  ft.  On 
s'affranchit  alnsl  des  pannes  dventuelles  de  ces  informations,  et  des  perturbations  possibles  qu'elles 
peuvent  apporter  avant  l'atterrissage  lorsque  se  manifeste  l'effet  de  sol. 

Durant  la  phase  de  tenue  de  falsceau  Glide,  l'dcart  Glide  est  progressivement  affaibli  en  fonc- 
tion  de  l'altitude  radio-altimdtrique.  Un  signal  ddrivd  peu  brultd  de  cet  dcart  est  obtenu  aprbs  filtrage 
compldmentalre  avec  un  teroe  d'accdldratlon  normale  pseudo-intdgrd.  Uni  partie  du  signal  ddrivd  est  A 
son  tour  utlllsde  pour  le  filtrage  compldmentalre  de  l'dcart  Glide. 

A l'altitude  de  60  ft,  1 ' Information  de  Glide  n'est  plus  prise  en  compte  dans  le  systbme,  tandis 
qu'un  programme  de  reduction  de  Vitesse  verticale  assure,  en  fonction  de  l'altitude  radio-altimdtrique, 
la  commande  d'arrondl,  Le  retour  d'asservissement  en  vitesse  verticale  est  obtenu  par  derivation  de 
l'altitude  radio-altimdtrique  et  filtrage  compldmentalre  avec  1 'acceleration  normale  pseudo-lntegree. 

Le  signal  d'erreur  est  soumis  A une  limitation  dissymetrique.  La  llmlte  A cabrer  est  constante.  Une 
falble  autoritd  A piquer  est  dgaleraent  disponible  et  s'etabllt  progressivement  A partir  d'une  valeur 
nulle  en  debut  d'arrondl.  Compte  tenu  des  nlveaux  de  la  vitesse  verticale  programmde  et  de  la  llmlte  Bur 
le  Glgnal  de  vitesse  verticale,  tout  A coup  en  debut  d'arrondl  se  trouve  dvite  par  le  Jeu  de  la  limita- 
tion dissymetrique  variable. 

- Axe  de  roulls  (Fig.  6)  : 

Durant  la  partie  finale  de  l'approche  et  1'atterrlsBage,  les  seules  informations  utlllsees  sont 
l'dcart  Localiseur,  l'altitude  radio-altimetrlque  et  l'asslette  latdrale.  Pour  les  mSrnes  raisons  que  sur 
l'axe  de  tangage,  aucune  information  anemometrique  n'lntervlent  dans  le  systbme  au-dessous  de  1000  ft. 

II  en  est  de  mfime  pour  les  informations  de  cap. 

L'dcart  Localiseur  est  progressivement  affaibli  en  fonction  de  l'altitude  radio-altlrndtrique.  Un 
signal  derive  peu  bruitd  de  cet  dcart  est  obtenu  aprbs  filtrage  compldmentalre  avec  un  terme  d'assiette 
latdrale  pseudo-intdgrde.  Unc  partie  du  signal  ddrlvd  est  A son  tour  utilisde  pour  le  filtrage  compld- 
mentalre  de  l'dcart  Localiseur.  L'inclinalson  commandde  voit  son  autoritd  rddulte  en  fonction  de  l'alti- 
tude radio-altimdtrique.  A 32  degrds  durant  la  capture  et  Jusqu’A  1000  ft,  cette  autoritd  ddcrott 
jusqu'A  5 degrds  au  volslnage  du  sol. 

- Automanette  (Fig.  7)  : 

Le  calculateur  d'automanette  fait  appel  aux  informations  d'dcart  de  vitesse  lndlqude,  d'accdld- 
ration  et  d'assiette  longltudlnale,  d'altltude  radio-altimdtrique. 

Les  circuits  de  calcul  sont  particulldrement  simples,  l’avion  dtant  trbs  stable  en  vitesse. 

L'accdldratlon  longltudlnale  est  corrlgde  de  l'asslette  de  l'avion  de  manibre  A donner  une  appro- 
ximation satlsfaisante  de  l'accdldratlon  selon  la  vitesse,  qui  vient  araortlr  le  terme  d'dcart  de  Vi. 
L'ensemble  est  traltd  par  un  filtre  passe-bas  tandis  qu'une  partie  limitde  de  l'dcart  de  Vi  est  intdgrde. 
Un  retour  tachymdtrlque  direct  et  intdgrd  assure  1 ' asservissement  du  moteur  d'entrainement  des  manettes. 

A l'altitude  radio-altimdtrique  de  30  ft,  un  signal  de  commande  des  manettes  A vitesse  constante 
se  substitue  A l'erreur  d'asservissement  pour  effectuer  la  rdductlon  automatlque  des  gaz. 

- Ddcrabe  (Fig.  8)  : 

Le  calculateur  de  ddcrabe  utilise  les  informations  d'dcart  de  cap  par  rapport  au  QFU  de  la  piste, 
et  l'altitude  radio-altimdtrique. 

Les  essals  en  vol  de  l’avion  ayant  montrd  qu'il  dtait  possible  d'effectuer  la  manoeuvre  de  ddcrabe 
au  moment  de  l'impact,  A l'alde  de  la  seule  commande  de  direction,  cet  avantage  a dtd  mis  A profit  pour 
rdaliser  des  circuits  de  calcul  d'une  extrCme  slrapllcitd. 
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A 1 'altitude  radio-altimdtrique  tie  7 ft,  1'dcart  de  cap  esc  mdmorlsA,  et  un  ddplacement  de  dra- 
peau  proportlonnel  A cet  Acart  cat  lommandd  A vitesse  constante,  Lorsque  1 'avion  ae  trouve  ramend  dana 
l'axe  de  la  plate,  le  systfcme  de  ddcrabe  eat  automatlquement  ddconnectd. 


SECUR1TE  ET  PRINCIPES  DE  SURVEILLANCE 

Le  tris  haut  niveau  de  sdcuritA  requla  pour  un  systAme  d'atterrlaaage  toua  tempa  ne  doit  pas 
Ctre  atteint  au  prix  d'un  Important  accroieeement  de  complexity,  qul  tende  A dimlnuer  la  crddibllltd  dea 
ddmonstrations  et  A rddulre  la  dlsponibilitd  en  llgne,  C'eat  pourquoi,  14  encore,  la  recherche  d'un  maxi- 
mum de  slmpllcltd  eat  apparue  come  un  soucl  conatant  lore  de  la  conception  et  de  la  mlae  au  point  du 
syatome . 


Lea  demonstrations  de  sdcurltd  du  systAme  portent  aur  trols  groupes  essentlels  de 
justifications  : 

- Influence  des  performances  sur  la  sAcuritd.  II  s'aglt  de  ddmontrer  que  quelles  que  soient  les  causes 
pcrturbatrlces  possibles  externes  ou  Internes  au  systAme,  le  cas  d'un  impact  en  dehors  du  domalne  admis- 
sible de  sdcurltd  est  extrBmemer.t  rare. 

- Etude  des  consequences  et  des  conditions  de  detection  des  pannes  ou  combinaiBonB  de  pannes  des  circuits 
de  calcul.  II  s'agit  de  ddmontrer  que  les  situations  correspondantes  de  1 'avion  ne  peuvent  Atre  catas- 
trophiques,  A molns  qu'elles  ne  soient  extr£mement  lmprobables,  nl  critiques,  A molns  qu'elles  ne  soient 
extrAmement  rares. 

- Justification  des  loglques  de  surveillance  et  d'alarmes,  II  s'aglt  de  ddmontrer  que  la  conception  et  la 
realisation  des  sdcuritds  est  telle  que  la  non  passivation  du  systAme  ou  la  non  apparition  de  l'alarme 
de  reprise  en  mains  aprAs  detection  d'une  panne  est  extrAmement  improbable. 

La  figure  9 resume  les  principes  d 'elaboration  des  informations  de  pannes  danB  les  chatnes  de 
pilotage  automatique  roulis/tangage  : 

- pannes  dAtectAes  par  les  comparateurs  des  chatnes  de  calcul, 

- pannes  au  niveau  de  l'Atage  Alectro-hydraulique  des  consnandes  de  vol, 

- pannes  au  niveau  des  capteurs. 

Les  chatnes  de  calcul  du  pllote  automatique  sont  survellldes  selon  la  technique  des  points  con- 
solldes  (Fig.  10).  Le  prlnclpe  en  est  blen  connu  et  permet  d'adopter  pour  les  comparateurs  des  seulls  de 
detection  cfflcaces  sans  risquer  de  compromettre  le  taux  de  rAussite  des  approches.  Une  etude  statistlque 
falsant  lntervenlr  les  tolerances  des  divers  composants  a permis  d'approcher  au  mleux  la  definition  des 
seulls  optimaux. 

L'dtage  e lec tro-hydraul lque  des  commandes  dc  vol  est  survellie  de  la  fagon  sulvante  : 

. Les  circuits  d'asservlssement  des  servo-commandes  auxlllaires  eiectro-hydrauliques  de  profondeur  et  de 
gauchissement  sont  entiArement  doubles,  avec  comparaison  des  Stages  d'amplificatlon  et  des  retours  de 
position  des  servo-commandes.  Sur  chaque  axe,  les  deux  chatnes  reqolvent,  sur  deux  voles  sAparAes,  des 
ordres  ldentlques  de  braquage  des  gouvemes  en  provenance  du  pilote  automatique. 

. Un  verrou  dlectrique  contrfile  en  permanence  que  1 'asservlssement  est  correct,  ce  qui  permet  la  detection 
d'une  dAfalllance  Aventuelle  de  la  partle  mdcanlque  de  1 ' Aqulpement. 

Les  informations  analogiques  dAlivrAes  par  les  capteurs  au  pilote  automatique  sont  doublAes. 

La  vallditA  de  la  rAfArence  de  verticale  est  obtenue  gr&ce  A une  comparaison  triple,  avec  lever 
de  doute,  entre  les  trols  ensembles  de  verticale. 

Le  radio-altlmAtre  et  le  rAcepteur  ILS,  dont  1 'auto-surveillance  est  trAs  poussAe,  fournissent 
leurs  propres  signaux  de  validitA. 

L ' accAlAromA tre  normal  est  double.  Un  signal  de  vallditA  est  AlaborA  A partlr  d'une  comparaison 

Interne. 


L'ensemble  des  signaux  de  vallditA  est  gArA  dans  les  loglques  de  panne  du  systAme  et  provoque, 
en  cas  de  panne  dAtectAe,  la  dAconnexion  du  pilote  automatique  et  1 'apparition  de  l'alarme  de  reprise  en 
mains. 


Automanette  et  dAcrabe  sont  survelllAs  selon  des  principes  analogues,  mals  la  detection  d'une 
panne  dans  ces  Aquipements  dAclenche  la  seule  dAconnexion  du  sous-systAme  concernA  et  1 'apparition  d'une 
alarme  epAclfique, 

Le  collimateur  est  Agalement  autosurveillA,  et  toute  panne  dAtectAe  au  niveau  des  capteurs  dont 
11  utilise  les  informations,  ou  au  niveau  de  1 ' asservlssement  des  rAtlcules,  provoque  l’escamotage  des 
figurations  concernAes. 

Un  dlsposltif  de  detection  des  Acarts  excesslfs  ILS,  requls  par  les  autorltAs  franqalses  de  cer- 
tification, complAte  l'ensemble  des  surveillances.  IndApendant  du  pilote  automatique,  ce  dlsposltif  est 
doublA  et  revolt  les  Acarts  ILS  en  provenance  des  deux  rAcepteurs.  11  provoque,  pour  tout  franchlssement 
des  seulls  d'Acarts  Localiseur  ou  Glide,  l'apparition  d'une  alarme  sltuAe  au-dessus  de  chaque  ADI. 
En-dessous  de  200  ft,  cette  alarme  dAclenche  l'alarme  de  reprise  en  mains. 
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UTILISATION  (Fig.  11) 

Le  colllmateur  eat  mil  en  poiltlon  au  coura  da  l'approche  lntarmddlalre.  Un  teat  permit  alora  la 
contrOla  du  bon  fonctlonnament  da*  asaarvliaemant*  da*  rdtlculaa  at  da*  idcurltd*  qul  laur  »ont  assocldes. 

La  'lsualisatlon  da*  ph**e*  *ucce**lva*  de  l'approche  aat  aaaurda  *ur  la*  tableaux  da  progres- 
• lon  d'approviie  pilot*  at  copllota  (ltud*  A c6U  da  chaque  ADI  : capture  at  tracking  Locallaeur  (voyanta 
V/L),  capture  at  tracking  Glide  (voyant*  G.S.),  armament  at  engagement  de  la  fonctlon  arrondl  (voyant* 
FLARE),  armament  at  engagement  de  la  fonctlon  ddcrabe  (voyanta  DECRAB),  armament  et  engagement  de  la  fonc- 
tlon remise  de*  gas  automatlque  (voyant*  G.A.). 

Au-de*«u«  da  chaque  ADI  flgurent  le*  alarmet  pllote  automatlque  (A/P),  automanette  (A/T) , dcart* 
excetalf*  ILS,  flag  gdndrallsd,  Le*  voyant*  "flag  gdndrallsd"  constituent  un  rdpdtlteur  (ou  master  warning) 
de*  flag*  de*  prlnclpaux  lndlcateur*. 

A l'altltude  da  1000  ft,  le*  voyant*  FLARE  de*  tableaux  de  progression  d'approche  cllgnotent 
ambre,  lnvltant  l'dqulpage  A la  selection  du  mode  d'atterrlssage  automatlque.  L'actlon  sur  le  pousaolr 
LAND  du  bottler  d'affichage  de  mode  ddclenche  alora  le  "Preland  Test",  qul  permit  le  contrBle  de  l'lntd- 
grltd  de*  idcurltd*  du  systime.  Le  test  s'achdve  vers  800  ft  par  l'allumage  vert  ou  rouge  de*  voyant* 
d'intdgrltd  Catdgorle  III  aux  tableaux  de  progression  d'approche,  cependant  que  lee  voyant*  FLARE  et  DECRAB 
slgnalent  l'armement  correct  de  ces  fonctlon*. 

A partlr  de  300  ft,  le  commandant  de  bord  regarde  exclusivement  dehors,  A travers  le  colllmateur. 

A l'altltude  de  60  ft  ddbute  la  manoeuvre  d'arrondl  ; le*  voyant*  FLARE  passent  verts.  Le  ddcrabe 
s'effectue  A 7 ft,  Juste  avant  1'impact,  Aprfes  le  toucher  des  roues,  le  commandant  de  bord  reprend  le  con- 
trOIe  de  l'avlon  pour  la  phase  de  roulage  en  s'aldant,  en  ca*  de  vlslbilltd  rddulte,  de  1 ' information  de 
tendance  latdrale  prdsentde  dans  le  colllmateur. 

Durant  la  partle  finale  de  l'approche  et  1 'atterrlssage,  et  une  fol*  les  tests  effectuds,  toute 
ddfalllance  de  la  chalne  de  pilotage  automatlque  se  traduit  par  le  ddbrayage  de  celle-cl  et  1 'apparition 
de  1'alarme  de  reprise  en  mains,  ou  FLASH,  placde  devant  chaque  pllote  dans  le  bourrelet  de  l'auvent. 

Rouge  cllgnotant,  le  FLASH  a dtd  conqu  et  rdalisd  pour  Ctre  immanquablement  perqu  par  l'dqulpage.  Le 
commandant  de  bord  dolt  alors  reprendre  en  mains  i'apparell.  En  1 'absence  de  rdfdrences  vlsuelles  extd- 
rieures,  11  effectuera  une  procedure  d'approche  interrompue  au  colllmateur.  SI  les  rdfdrences  vlsuelles 
sont  acqulses  - ce  qul  est  le  cas  *1  la  panne  survlent  au-dessous  de  la  hauteur  de  decision  - le  commandant 
de  bord  aura  la  facultd  d'achever  1 'atterrlssage  A la  main,  A l'aide  du  colllmateur,  qul  enrlchlt  ces  rdfd- 
rences  des  Informations  d'asslette*  et  d'lncidence. 

En  ca*  de  panne  de  1 'automanette,  11  a dtd  ddmontrd  que  l'approche  pouvalt  se  poursuivre  dans 
dee  conditions  satlsfalsantes  de  sdcuritd,  la  charge  de  travail  de  l'dqulpage  n'dtant  que  trds  falblement 
augmentde.  Toutefols,  *1  A SO  ft  la  panne  n'est  pas  reconnue  par  l'dqulpage  ou  *1,  a fortiori,  la  panne 
survlent  au-dessous  de  50  ft,  1'alarme  de  reprise  en  mains  est  ddclenchde. 

F.n  cas  de  panne  du  ddcrabe,  11  a dtd  ddmontrd  que,  sans  nulre  A la  sdcuritd  nl  au  confort  des 
passagers,  le  nes  de  l'avlon  pouvalt  Ctre  alsdment  ramend  dans  l'axe  de  la  piste,  par  une  action  au  palon- 
nler  exerede  Juste  aprds  1 'Impact. 

Enfln,  en  cas  de  dlsparitlon  des  Informations  collimatdes  d'asslettes,  l'approche  automatlque 
peut  Ctre  poursulvle  mals  la  remise  de  gaz,  si  ndeessaire,  devra  s'effectuer  A l'horlzon  de  secours.  (Cas 
d'un  contact  vlsuel  lnsufflsant  A la  hauteur  de  ddclslon  de  SO  ft,  ou  cas  trfes  Improbable  d’une  alarm*  de 
reprise  en  mains  survenant  au  cours  de  la  mCme  approche). 


m 


m 


FIG,  1 - FAIL-OPERATIONAL  CONFIGURATION 


FIG.  2 - FAIL-PASSIVE  CONFIGURATION 


FIG.  3 - AIR  INTER  CONFIGURATION 
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FIG.  5 - PITCH  AXIS  AUTOLAND  (SIMPLIFIED  BLOCK  DIAGRAM) 
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FIG.  6 - ROLL  AXIS  AUTOLAND  (SIMPLIFIED  BLOCK  DIAGRAM) 
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PRESENTATION  DES  INFORMATIONS  NECESSAIRES  POUR  Le  DECOLLAGE  ET  L'ATTERRISSAGE 

par  Jaon-Clauda  WANNER 

Offlca  National  d'Etudai  at  da  Raeharehai  Adroapatialai  (ONERA) 

92320  Chit  I lion  (Franca) 


RESUME 

L'dtuda  du  comportoDent  du  pilot#  au  eour# 
den  phase#  de  dicollage  et  d' atterrissage,  nous  a 
conduit  A bStir  un  module  de  pilot#.  Ce  module  est 
utile  pour  determiner  quelles  sont  lea  informations 
ndoeaaaires  et  en  oonadquence,  quels  paramAtres 
doivent  Itre  prdsontds  de  faqon  A dininuer  la  charge 
de  travail  et  augmenter  la  rdgularitd  et  la  sdouritd 
du  vol. 

Cette  dtude  nous  a permis  de  preoiser  oe 
que  pourrait  Itre  un  futur  tableau  de  bord.  La  partis 
principal#  de  oe  tableau  de  bord,  con quo  pour  les 
phases  ddoollage  at  atterrissage,  est  un  viseur  tlte 
haute  prdeentant  la  traoe  au  sol  du  vecteur  Vitesse 
et  la  pent#  totals.  A l'aide  de  oes  deux  informations 
le  pilots  peut  direotement  agir  sur  la  trajeotoire, 
connaissant  exactement  le  rdglage  moteur  neoeasaire, 
tout  en  respeotant  une  marge  de  adcuritd  oorreote  sur 
l'inoidenoe. 


♦ 

♦ ♦ 

♦ 

REQUIRED  PILOT  CUES  AND  DISPLAYS  FOR  TAKE  OFF  AND  LANDING 
SUMMARY 

The  investigation  of  the  pilot  behaviour 
during  the  take  off  and  landing  phases  led  us  to 
build  a model  of  the  pilot.  This  model  is  useful  to 
determine  which  are  the  necessary  cues  and  consequen- 
tly vhioh  parameters  have  to  be  displayed  in  order  to 
minimise  the  pilot  work  load  and  inorease  the  flight 
regularity  and  safety. 

This  study  allowed  us  to  determine  vhat 
could  be  a future  oockpit  display.  The  main  part  of 
this  display,  designed  for  take-off  and  landing 
phases,  is  a head-up  display  presenting  the  ground 
track  of  the  air  velocity  veotor  and  the  total  olimb 
angle.  With  these  two  parameters  the  pilot  can  direo- 
tly  handle  the  airpath,  knowing  exactly  the  necessary 
rating  of  the  engines  and  observing  a oorreot  safety 
margin  for  the  angle  of  attaok. 

0 


Sous  vous  propoaons  de  cheroher  quelles  sont 
lei  informations  lee  mleux  appro prides  que  l'on  dolt 
foumir  au  pilots  afln  de  rdduire  sa  charge  de  tra- 
vail au  court  dea  phases  d'attorrieaage  et  de  ddcollag*. 
A eet  effet  nous  allone  tout  d'abord  dtudier  le  com- 
portement  du  pllote  durant  cea  phases  de  vol  et  prd- 
eleer  quelles  sont  les  diffdrentee  boucles  de  pilo- 
tage utiliedes  compte  tenu  dee  informations  foumlea 
par  lea  tableaux  de  bord  claseiques. 

Lee  paramAtres  qui  ddfiniaaent  la  trajeotoire 
de  1'  avion  (position,  vecteur  vi tease  et  vecteur  acodld- 
ration)  et  oeux  qui  ddfiniseent  la  position  angulaire  du 
syitAme  de  rdfdrenoe  de  1' avion  par  rapport  au  sol  (aa- 
siette  longitudinals,  angle  de  gits  et  azimut  ainsi  que 
leur  ddrivde  premiAre  et  Beoonde)  sont  ddterminds  par 
l'dquipage  de  diffdrentee  fa?ona. 

Certains  de  oes  paramAtres  sont  me  surds  di- 
reotement et  indiqude  sur  le  tableau  de  bord  (le  plus 
souvent  sous  forme  analogique  et  quelquefois  sous  for- 
me digitals).  Parmi  cos  paramAtres  on  rencontre  la  vi- 
tesse  verticals,  le  cap,  l'assiette  longitudinale, 

1' angle  de  gite,  le  taux  de  variation  de  cap,  le  fac- 
teur  de  charge,  1' incidence  et  le  ddrapage. 

Certains  paramAtres  ns  sont  pas  mesurds  di- 
reotement comme  par  example  la  vitesse  adrodynamique . 
lie  sont  remplaods  par  dee  quantitds  plus  fadlement 
mesurables  qui  leur  sont  dtroitement  lides,  par  example, 
la  vitesse  indiqude  et  le  noobre  de  Mach.  Dana  quelques 
oas,  oependant,  oes  paramAtres  peuvent  Itre  ddterminds 
par  un  ealculateur  embarqud  A partir  de  donndes  mesurdes. 

Les  paramAtres  de  position  sont  seulement 
ddterminds  A l'aide  de  systAme  de  navigation  ou  de 
systAme  de  guidage  sol.  Ces  donndes  peuvent  Itre 
determindes  direotement  A partir  des  instruments  du 
tableau  de  bord  (aiguilles  croisdes  de  1'I.L.S.)  ou 
indirectement  par  'on  systAme  plus  complexe  dans  lequsl 
est  indiqud  la  correction  ndcessaire  pour  annuler 
1'dcart  entre  la  trajectoire  rdelle  et  la  trajectoire 
ddsirde  (A  l'aide  d'un  ealculateur  embarqud  et  d'un 
direoteur  de  vol).  Enfin,  des  indications  sur  la  posi- 
tion de  1' avion  par  rapport  A la  trajeotoire  ddsirde 
peuvent  Itre  transmises  par  radio  par  un  oontrfileur  au 
sol  suivant  l'uvion  au  radar  (G.C.A. ). 

Certains  paramAtres  ne  sont  pas  mesurds  parce 
u'ils  peuvent  Itre  ddterrlnds  direotement  par  l'dquipage 
par  example,  la  position  de  1' avion  par  rapport  A la 
piste  au  cours  d'un  atterrissage  A vue,  l'assiette  lon- 
gitudinals en  vol  A vue,  les  aoedldrations  normales  et 
les  aoedldrations  angulaires). 
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Enfin,  un  oertain  n ombre  de  parambtrea 
oaraotdrieant  l'dtat  de  l'avion  et  le  fonotionnement 
des  moteura  sont  foumis  par  Xe  tableau  d'instrumonts. 
Pared  oea  parodies  on  trouve,  lea  indications  dea 
Jaugeo  et  dea  ddbimbtres  (masse  de  l'avion),  l'indi- 
oateur  de  cer.trage,  l'indioateur  de  position  dea  gou- 
vernea,  lea  par  (metres  de  contrflle  du  noteur  (viteaao 
de  rotation  du  moteur,  prasaion  d'admiasion,  EPR, 
etc  « m)« 

Toutes  ooa  donndes  aont  rassembldes  par  lea 
diffdrenta  capteurs  aumalna  t lea  yeux,  lea  oreilles, 
lea  mains  et  les  p'eds  (capteurs  d1  effort  aux  commandes) 
et  la  totality  du  corps  (capteur  d'acebldration  lind- 
aire).  Co-rne  nous  l'avona  dejk  vu,  ces  donndes  sont 
obtenues  par  lecture  dea  instruments  but  le  tableau 
de  bord.,  par  perception  visuelle,  par  l'dcoute  des 
informations  transraises  par  radio  et  par  la  sensation 
directs  des  efforts  aux  coramandes  et  des  accelerations 
lindaires  ou  angulairea. 

Hotons  que  l'oeil  peut  fitre  consider^  coane 
un  captour  double.  La  vision  pdripherique  fournit  une 
information  imprecise  sur  le  monde  extdrieur,  mnis  il 
eouvre  un  domains  relativeraont  large,  Le3  donndes  ras- 
senbldes  de  cette  raaniere  peuvent  aervir  prinoipale- 
ment  k avertir  le  pilots  d'utiliser  sa  vision  centrale 
pour  examiner  de  plus  prbs  les  phdnomenes  ddtectds  par 
sa  vision  peripherique.  La  vision  centrale  eat  beau- 
coup  plus  prdciso  et  est  en  consequence  limitde  a un 
champ  etroit.Les  instruments  peuvent  6tre  seulement 
lus  par  la  vision  centrale.  Une  donnee  particuliere 
foumie  par  le  tableau  de  bord  ne  serait  pas  transmise 
au  cerveau  si  celui-ci  n'avait  pas  "domande"  aux  yeux 
"de  lire"  1' instrument  en  question.  Etant  donne  son 
large  champ  d'action,  la  vision  pdripherique  est  capa- 
ble de  donner  une  image  gdndrale  de  la  position  angu- 
laire  de  l'avion  par  rapport  au  sol.  Ceci  joue  un  rfile 
particulibreraent  important  dans  le  eontrSle  des  assiet- 
tea  au  cours  des  vols  avec  visibility.  Ce  double  rfile 
de  l'oeil  sera  diacutd  un  peu  plus  loin. 

Contrairement  a l'oeil,  l'oreille  est  un 
capteur  simple  omnidirectionnel.  La  possibility  pour 
l'oreille  de  dyterminer  la  direction  oul' origins  d'un 
bruit  est  trbs  limitye  et  peu  precise  ; en  conayquence 
cette  possibility  est  trbs  peu  utilisye  en  vol.  Si  un 
son  inusuel  eat  entendu,  indiquant  un  mauvais  fonction- 
nement  possible,  cela  cons  title  pour  l'oeil  un  signal 
le  conduisant  k re  garde r sur  le  tableau  de  pannes  si 
un  systkme  est  tombs  en  panne  (chacun  sait  combien  il 
eat  difficile  de  trouver  la  source  d'un  "petit  bruit" 
sur  une  automobile).  Ainsi  l'oreille  est-elle  essen- 
tiellement  utilisye  k dbtecter  des  signaux  audibles 
(radio,  alarme)  dont  la  simplification  n'est  pas  fono- 
tion  de  leur  direction  d'origine. 

L'oreille  interne  est  un  organe  trbe  oomplexe 
dont  le  principe  n'eat  paa  encore  totalement  compriB. 

Une  partie  de  l'oreille  interne  ddteote  la  direction 
et  1' intensity  des  aecdldrations  lineairea  au  niveau 
de  la  tfite.  Ainai  cet  organe  donne  une  idee  gdndrale 
de  la  position  de  la  tfite  par  rapport  k la  verticals 
si  1 ' obaervateur  se  ddplace  k une  vitesse  uniforme  et 
par  rapport  k la  verticals  apparente  si  son  mouvement 
est  accdldrd.  Durant  un  mouvement  accdldrd  (comme  par 
example  au  cours  d'un  vlrage  ou  d'une  manoeuvre  de 
cabrd  au  ooura  desquels  lea  aocyiyrations  sont  fortes), 
le  fait  de  toumer  la  tfite  oonduit  k une  perte  d'dqui- 
libre  paroe  que  l'oreille  ddteote  les  aecdldrations 
dans  un  aystbme  de  ryfyrence  lies  k la  tfite  (modifica- 
tion de  la  verticals  apparente  due  k l'aoodldration  de 
Coriolis). 

Une  autre  partie  de  l'oreille  interne  eat 
const! tube  par  lea  canaux  semi  ciroulairea,  Le  mouve- 
ment du  liquids  lymphatique  k l'intdrieur  de  oea  ca- 
naux dd  aux  acodldrationa  angulairea  est  ddteetd 
quand  la  t#te  toume.  Pour  de  nombreusee  raiaona,  qu'il 
serait  trop  long  de  dytailler  ici,  l'oreille  interne 
eat  un  dytecteur  imparf ait  dea  aecdldrations  angulairea ; 
les  sensations  d'aooyiyration  angulaire  ou  de  ddcdld- 


ration  oontinuont  aprba  que  le  phynombne  ait  oessd 
(ceoi  eat  en  particulier  le  cas  pour  un  danaeur  qui  a 
l1  impression  de  tourner  encore  une  foie  la  valee  ter- 
minde).  Qui  plus  est,  de  petiteo  aocyiyrations  angu- 
laires  ne  sont  pas  perjuea.  Ce  ddfaut  est  la  base  d'un 
phdnomkne  qui  n'eat  que  trop  familier  au  pilots  volant 
sans  visibility  : l'impreoaion  que  l'avion  est  en 
virage  permanent.  Ceoi  provient  probablement  de  l'im- 
poaaibility  pour  l'oreille  interne  de  ddteoter  un 
retour  graduel  en  position  ailes  horizontales  auivant 
un  mouvement  de  roulis  de  grande  viteaae  angulaire. 

Il  est  bon  de  noter  que  la  sensation  de 
virage,  qu'elle  aoit  rbelle  ou  imaginaire,  ddtectye  par 
l'oreille  interne,  mais  non  confirmee  par  la  vuo, 
produit  frdquemment  des  nauades.  Il  est  bien  oonnu 
qu'un  observateur  assis  dans  la  cabin©  d'un  avion  de 
transport  se  sentira  rapidement  nalade  s'il  regards 
l'oile  se  ddplaqant  sur  un  oiel  sans  nuage  pendant 
que  l'avion  effectue  un  virage  k vitesse  variable. 

Ceci  est  dfl  au  fait  que  l'aile  et  l'avion  apparais- 
sent  3tationnaires  k l’oeil  alors  que  l'oreille  inter- 
ne ddteote  des  aecdldrations  angulairea  (principalement 
en  roulis). 

Signal ons,  par  ailleurs,  que  l'oeil  est 
"pilotd"  en  position  par  l'oreille  interne  ; autrement 
dit  les  informations  de  verticals  apparente  et  les 
informations  d'acodldrations  angulaires  sont  utilisdes 
par  le  cerveau  pour  maintenir  l'axe  optique  de  l'oeil 
en  position  fixe  par  rapport  au  monde  extdrieur  ; ce 
phenombne  est  eonfirmd  par  les  deux  experiences 
suivantes  t les  passagers  situds  k l'arriere  de  la  ca- 
bine  d'un  avion  de  transport,  Bans  vue  de  l'extdrieur, 
"voient"  nettement  l'avant  de  la  cabine  monter  an  mo- 
ment ou  le  pilote  lbve  la  roulette  au  ddcollage  s k cet 
instant,  en  effet,  l'axe  optique  de  l'oeil  est  maintenu 
horizontal,  ce  qui  explique  1*  impression  de  voir  mon- 
ter l'avant  de  la  cabine  ( d'un  autre  c6td,  il  est  bien 
connu  qu'au  cours  d'un  atterrissage  par  temps  turbulent 
il  est  plus  facile  de  voir  la  piste  que  les  instruments, 
encore  une  fois  paroe  que  l'oeil  est  maintenu  sensi- 
blement  fixe  par  rapport  au  monde  extdrieur.  Ces  remar- 
ques auront  une  grande  importance  lornque  nous  aurona 
k choisir  les  systbmes  de  prdsantation  d' informat  ion. 

La  totality  du  corps  ressent  les  effets  des 
aecdldrations  lineaires  par  l'intermddiaire  des  varia- 
tions des  forces  de  reaction  de  contact  du  sibge  et  de 
la  ceinture.  Les  aecdldrations  nomales  aont  ddteetdes 
par  l'intermddiaire  des  variations  de  la  tension  des 
muscles  maintenant  le  corps  en  position.  Par  ailleur3, 
le  corps  est  plus  sensible  aux  variations  de  facteur 
de  charge  qu'au  facteur  de  charge  lui-mfine,  sauf  dans 
le  cas  des  facteurs  de  charge  (Sieves. 

Enfin,  les  mains  et  les  pieds  sont  utilisds 
oorame  ddtecteurs  des  efforts  aux  commandes  (par  l'in- 
termddiaire de  la  tension  des  muscles). Ce  sont.  par 
ailleurs,  de  mauvais  ddtecteurs  de  position.  A moins 
d'utiliBer  un  contrfile  par  les  yeux  il  est  difficile 
de  ddteoter  des  variations  de  l'ordre  de  un  k deux 
esntimbtres  par  rapport  k la  position  ddsirde  d'un 
manche  convent ionnel. 

En  oonsdquence,  les  oapteura  huraains  peuvent 
6tre  divlsds  en  deux  grandee  catdgories  t 

a)  les  organes  qui  peuvent  capter  des  donnees 
prdoises  i les  yeux  (vision  centrale).  les  mains  et  les 
pieds  (pour  les  efforts  aux  commandes)  ; 

b)  les  capteurs  qui  transmettent  dea  infor- 
mations gdnerales  utilisdes  pour  oonfirmer  lea  donndes 
prdeisea  regies  par  les  organes  de  la  premibre  oatdgo- 
rie  ou  pour  avertir  le  pilote  d'une  situation  anormale 
(souvent  les  sensations  tranamisea  par  oea  capteurs 
aont  en  oonflit  aveo  les  donndes  foumies  par  lea  ins- 
truments). Parmi  oea  oapteura  oitons  l'oreille  interne, 
l'oeil  (vision  pdriphdrique),  le  corps  (qui  capte  lea 
aecdldrations  lindaires  et  dans  une  certains  mesure, 
l'oreille  exteme  (qui  ddteote  les  sons). 
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Cette  classification  en  deux  oatdgorieo  a 
quelque  chose  d'arbitraire.  II  oeroit  plus  correct  de 
clasaor  les  captours  suivant  le  taux  d' information 
qu'ils  oont  oapablos  do  tronsnettro  ot  do  lour  uttri- 
buer  un  degrd  de  noblesse  on  rapport  avoc  lo  taux 
d'  information  reju  h chaque  dchantillonnage.  En 
utillsant  oette  classification,  l'oeil  (vision  centra- 
ls) est  lo  plus  noble  et  lo  corps  (aocdldration  linii- 
aire)  le  moins  noble. 

D'uno  fa?on  gdndrale  les  informations  ddtoo- 
tdeo  par  un  csptour  no  sont  trcnsmises  et  on  conse- 
quence utili3dos  par  le  cerveau  que  si  le  corvenu  a 
envoyd  un  ordre,  autronont  dita  appold  1* information. 

Plus  l'information  collectde  par  un  captour 
est  prdcise  (e'est-iwlire  plus  le  captour  est  "noble") 
plus  cotte  demibre  remarque  est  valable. 

En  consequence,  lee  yeux  (vision  centrale) 
ne  transmettent  l'information  que  s'ils  ont  repu  un 
ordre  venant  du  cerveau.  Ceci  est  vrai  non  souloacnt 
parce  que  le  cerveau  doit  di rigor  les  muscles  de  l'oeil 
pour  orienter  celui-ci  dans  la  direction  do  1' instru- 
ment ou  du  phenomena  conaiddrb,  mais  dgalenent  paroe 
qu'il  doit  dmettre  une  dooande  d' informat  ion.  On  ne 
voit  pas  parce  que  l'on  rogardo  ! La  vision  est  un 
acto  volontaire  (par  vision,  nous  voulons  dire  trans- 
mission au  cerveau  de  donndes  constituant  une  quontitd 
d'informations  ayant  une  grande  valeur  nunerique,  par 
exenple  la  valeur  d'une  altitude,  d'un  cap, d'un  regime 
de  rotation  moteur  etc  ...). 

D'un  autre  cfltd,  plus  une  information  est 
gen d rale  (capteur  vulgaire)  moins  sa  reception  par  le 
cerveau  depend  d'un  acte  volontaire  ; ainsi,  1' acquisi- 
tion de  ce  type  d' information  entre  dans  le  domaine  des 
rdflexes  conditionnes  qui  par  example  jouont  une  part 
importante  dans  le  contrfllo  de  l'attitude  du  corps 
durant  la  marohe. 

Les  faits  mentionnes  ci-dessua  ont  des  consd- 
quences  significatives. 

Le  cerveau  est  incapable  de  recevoir  plu- 
3ieurs  donndes  prdcises  simul tenement.  II  demande  k 
l'oeil  de  regarder  un  certain  instrument,  un  certain 
phenombne,  il  demande  qu'un  certain  signal  soit  dcoutd, 
il  demande  1' analyse  de  certaine  force  sur  une  commande 
donnde.  Tout  ceci  est  effectue  suooessivement  et  non 
aimultandnent. 


Cet  note  volontaire  consistent  h peroevoir 
un  phdnombne  spdeifiquo  on  utilisant  un  oaptour  et 
habituelloment  appold  mobilisation  de  1 'attention, 
augmonto  les  oouils  do  perception  don  autros  capteurs 
et  oeei  d'autant  plus  que  cos  capteurs  sont  nobles. 

Lo  recueil  d' information  demande  on  effet  la  nise  en 
oervioe  d'un  nombro  d'autant  plus  dlovd  do  neurones 
que  l'information  est  importante,  cc  qui  en  laisse 
d'autant  moins  de  disponibloa  pour  les  autres  infor- 
mations. 

Leo  pilotes  oavent  bion  que  loroqu’iln 
n'attachent  h offectuor  un  virace  serrd  ou  une  bouole 
avoo  une  prdcision  asoez  grande,  ils  ne  reasentent 
pas  les  acedldrations  alors  que  les  passpgers  en  "sac 
de  sable"  les  reasentent  parfois  doulourouoement. 

Lorsque  l'oreillo  cherche  u distinguer  un 
signal  faiblo  au  milieu  d'un  bruit  do  fond  important, 
on  a bien  eouvent  "les  yeux  dans  le  vague". 

Ceci  montro  en  particulier  que  si  l'on  trang- 
met  au  pi  Tote  doo  indications  de  position  par  un  svj- 
temo  auditif  assoz  difficilo  u ddtecter  (systbne  da 
genre  radio  range  qui  transmettait  un  signal  point 
trait  d'un  efitd  de  l'axe,  un  signal  trait  point  no 
l'autre  efitd  et  un  signal  continu  sur  l'axe),  il.  ne 
faut  pas  espdrer  voir  le  piloto  capter  simultarinont 
des  informations  vi3uellos  et  auditives. 

Enfin  dernier  exemple,  combien  de  pilotes 
portant  toute  leur  attention  our  le  pilotage  dans  des 
conditions  ddlieates  (captation  intensive  de  do/mdes 
visuellerJnVjnt  pas  entendu  l'averti8seur  sonore  signa- 
lant  une  panne  ? Combien  de  pilotes  se  sont  poedt 
train  rentrd  sans  voir  la  lampe  clignotante  eigr.a- 
lant  le  train  non  sorti  parce  que,  la  visibilite  dt,_nt 
mauvaise  par  exemple,  ils  portaient  toute  leur  atten- 
tion sur  la  captation  d' information  do  position  par 
rapport  k la  piste. 

En  rdsumd  les  capteurs  "nobleB"  ne  foumis- 
aent  deB  donndes  prdcises  que  sur  appcl  "volontaire  du 
cerveau"  ; les  capteurs  "non  nobles"  foumissent  dos 
indications  compldmentaires  sur  appel  "du  cerveau"  ou 
bien  foumissent  des  indications  d'alarme  lorsque  les 
valeurs  des  parambtres  ddtectds  ddpassent  un  seuil 
d'autant  plus  important  que  le  cerveau  est  plu3  occupd 
par  le  recueil  d'informations  prdcises. 
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Loo  donnees  une  foia  recueillioo  aont  trona- 
niooa  au  corvoau  ooua  forme  d'influx  norvoux  ot  troi- 
tees  par  oolui-oi  qui,  aoit  par  compuraiaon  direct© 
avoo  dos  donndeo  miseo  on  raonoiro,  ooit  par  culcul 
ouivant  doo  "progrumoa"  otockdo  on  tr.draoiro  on  duduit 
deux  typeo  diffurento  d'action  (figure  l)  i 

a)  une  notion  par  l'intormddiairo  doo  nnino 
et  doo  pieda  our  le3  oo.:imndo3  do  pilotage 

b)  uno  sdleotion  d'un  captaur  particulier 

on  lui  demandant  do  roouoillir  uno  donnde  particuliore. 

Analysona  de  pluo  pros  coa  deux  3ortio3  du 
cervcuu  on  dormant  un  exonplo. 

Suppoaons  lo  pilots  amend  a effect uer  runs 
visibility  la  Souo-Phase,  doacento  finalo  de  la  I’hn.ie 
Approcho  I.L.E.  II  dispoao  do  l'indicateur  d'l.L.L.  a 
aiguilles  croiacoa  ot  de  la  planche  do  bord  claaaiquo  : 
horizon,  altimetro,  vnriometro,  andmometro,  conaervu- 
tour  do  cap,  billo  ot  aiguille. 

A un  instant  donne,  lo  pilots  a rasnemble 
l'infornation  auivanto  : 

- la  vitosae  eat  egale  a la  viteaao  d'approche 
deairde, 

- le  cap  e3t  dgal  au  cap  "localizer", 

- loo  ailec  aont  horizon talo3, 

- l'asoiette  lor.gitudinale  oat  u la  valour  reconnandc 
(tenant  conute  do  1' incidence  ot  de  la  pente), 

- l'indicateur  I.L.E.  nontre  que  1' avion  se  trouve 
uu-deasus  et  a droite  do  la  trajoctoiie  idealo, 

En  realite,  le  cerveau  du  pilote  n'a  pas 
recueilli  tollo3  queilca  coo  informations.  Par  un 
balayage  dea  yeux  (nous  roviendrons  sur  ce  point)  il 
a recueilli  : 

- une  poaition  do  1' aiguille  do  l'onemoraetre, 

- une  poaition  de  l'oiguillo  ou  de  1' alidade  du 
consorvateur  de  cap, 

- une  position  angulaire  de  la  borre  de  1' horizon 
artificial  et  uno  position  uu  centre  de  cette  barro 
par  rapport  a la  naauette, 

- une  position  deo  dour  aiguilles  de  1'I.L.J.  par 
rapport  au  repore  central  de  l'indicateur. 

C'e3t  done  ii  la  nuite  d'une  operation  nen- 
talo  asaez  coraplexe,  comportant  en  particulier  dec 
comparaiaonc  avec  dec  donnees  en  nunoire  (vitesse 
d'approc..o,  cap  localizer,  assiette  longitudinale  et 
laterale),  que  le  pilote  parvient  h l1  analyse  do  cetto 
situation. 

*ou3  noterons  quo  oes  vuleurs  sont  quelque- 
foio  momoriade3  oous  forme  directe  de  position  de 
l'oiguillo  (on  sait  par  exemplo  qu'en  approche , 

1 'aiguille  de  l'andmometro  sst  horizontalo  a gauche 
ou  verticals  en  haut)  j ce  type  de  memorisation  depend 
do  la  nature  de  la  figuration. 

Par  une  secor.de  operation  nontale  le  pilote 
en  deduit  uno  tactique  a suivre  pour  respecter  In 
security  a court  torse,  e'est-a-dire  passer  par  la 
fonStro  objectif  a trois  cento  pieds  (la  loi  do  pi- 
lotage est  lii  pour  1* aider  a trouver  la  bonne  tactique). 

Dan3  notre  aituation  particuliore,  le  pilote 
ddcide  done  d'iiiclinor  I'avion  ii  gauche  et  de  diminuer 
l'amiette  longitudinale.  Enchant  par  experience  qu' 
une  diminution  d'a3oiette  se  traduit  par  une  augmen- 
tation de  vitesse  3ur  trajectoire,  il  decide  egalencnt 
de  reduire  la  poucsee  (ou  d’augmenter  la  trainee  en 
utilisant  los  aerofroins).  Ouivant  son  ontrainenont 


o'oat-it-diro  ouivant  le  nombrn  do  donnuos  emmaganindoa 
on  ir.dir.oiro,  le  piloto  ddcidoru,  avoo  plus  ou  mo.no  de 
precision,  do  l'ordro  do  grandeur  duo  manoe  ivroo  dld- 
montairoa  h offoctuor.  Lo  piloto  Bait  quo  pour  corrl- 
ger  un  doart  de  doux  point3  d'indicutour  I.L.E.  on 
lateral,  on  debut  do  do3cente,  il  auffit  d'inclinor 
I'avion  h gaucho  do  vingt  dogrdo  on  oinq  secor.dos,  do 
l'inclinor  a droite  do  vingt  degrds  puio  lo  romonor 
ailo3  horizontalea  avoo  lo  mftne  taux  pour  corrigor 
l'dcart  ; bien  entondu  los  tempo  ne  aont  pao  cormus 
du  rilote  de  faqon  auaoi  prdciao  ot  lea  manoeuvres  no 
so  font  pan  au  chronomutro  ! lo  pilote  utilise  lo  taux 
d'inclinai3on  habituol  et  oait  qu'un  bal  mcc.uont  vingt 
degrds  h gaucho,  vingt  degruo  a droite  ot  retour  h 
l'horizontale  donno  la  correction  nc’ceasaire.  De  mCrao 
le  pilote  entratne  sau ru  qu'une  diminution  d'naoiette 
longitudinalo  de  doux  dogreo  pendant  dix  seoondco 
cuivio  d'un  retour  n l'assietto  initialo,  eorrigora 
l'dcart  d'altitudc.  Enfin,  il  3aura  qu'une  diminution 
do  cent  toum/ninute  est  nuoossoiro  pour  dvitcr  ui;e 
augmentation  do  vitenoo  horn  tolerance  au  cours  do  la 
manoeuvre  (ai  I'avion  est  au  premier  regime,  le  pilote 
pourra  e3tiracr  qu'une  variation  do  poussde  n'est  pas 
necoasniro  pour  une  manoeuvre  auoai  courte). 

Juoqu'ici  lo  pilote  n'a  pac  rdagi  ; il  n'a 
effectua  que  loo  operations  montalos  d' analyse  do  la 
situation  et  lea  decisions  do  tactique  a suivre.  Il 
lui  rente  encore  une  operation  men  tale  ii  effectuor  : 
determiner  lea  actions  dl  kientairos  3ur  lea  command e3 
pour  realicer  loo  manoeuvres  dlementaireo,  e'est-u- 
dirc  lec  actions  our  la  commando  do  gnucldscenor.t,  sur 
la  commando  de  profondeur  et  sur  la  nanotte  dec  gaz  ; 
la  oncorc,  3'il  poooede  un  ontrainenont  suffiaant,  il 
sa’ira  qu'il  faut  fourmr  tol  effort  au  ga  .chioscmmt 
pendant  tant  de  temps  pour  ir.cliner  I'avion  a gauche 
do  vingt  degrds  au  taux  normal,  tol  effort  our  la  pro- 
fonde  r,  tol  displacement  de  la  nanotte  dos  gaz. 

liouo  noterons  quo  la  main  n'etont  pa3  un 
capteur  de  position  aai3  un  capteur  d'offort,  le  pilo- 
te ne  determine  pas  uno  valour  de  ddplaco:.;ont  de  aanot- 
te,  nais  une  reduction  ch'ffrdo  en  nonbre  de  touro  par 
excmple. 

Une  fois  cette  decision  price,  le  pilote 
agit,  e'eot-a-dire  ddplace  les  conmando3.  C'est  nloro 
qu’intorvient  le  procossua  de  eontrfllo  deo  actions, 
sous  fomo  d'ordres,aux  diverc  captcurs,  de  rocueil 
de  donndos  nouvelles. 

Les  actions  sur  lec  commandes  vont  6tro 
nodifiees  en  fonction  des  rdsultats  obtenun,  e'est- 
a-diro  on  fonction  des  donndeo  recueillios  s il  y a 
done  une  succession  de  boucles  d'asservisoement  entre 
cheque  action  nur  une  commando  et  ceci  jusqu'u  ce  que 
le  resultat  desire  3oit  acquis. 

L' acquisition  des  donnees  particulieres 
devaluation  du  resultat  n'-cossite  l’appcl  par  le 
cerveau  de  ceo  donnees,  c'e3t-a-dire  In  niso  en  etat 
de  transmission  du  capteur  adapte  u la  mesure.  L'ordre 
de  "nise  en  service"  du  capteur  est  transnis  au  cap- 
tour  iiar  oe  que  nous  appeBerons  une  boucle  interne  du 
coc^eau  pour  la  differencier  nettement  do  la  bouole 
exteme  d'asservisscr.ient  deer  tes  a l'alinea  precedent. 

La  premiere  boucle  interne  a fitre  mioe  en 
service  est  la  boucle  main  cerveau  (ou  pieds  cerveau) 
mettant  en  dveil  le  capteur  d'effort  constitue  par  la 
main  (ou  le  pied). 

Ainsi  lc  cerveau  va  commander  uno  action 
de  ddplaeenent  du  msnche  vers  la  gauche  et  commander 
la  nise  en  service  du  capteur  d'ef.ort  qui  trarisnet 
une  indication  d'effort  : lo  cerveau  connnudera  lo 
displacement  de  la  coiinandc  jusqu'u.  obtonir  1' effort 
desire  ; le  travail  peut  se  oehenatiser  ainsi  : 

- or  ire  de  deplacement 

- appal  de  donnuo  d'effort 

- transmission  do  donnde  d'effort 

- conparaison  do  l'effort  mesure  avec  l'effort  desire 
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- aotion  corrective  do  ddplaeeraent 

- appel  do  donnde  d'effort 

■ etc  *«i 

L' action  dldmontaire  ainai  rdalisde  » effort 
domic!  sur  la  coramnnde  de  guueldssement,  une  deuxibme 
boucle  ex  tome  intorvient  pour  contrfllor  la  manoouvre 
dldmontaire.  Le  pilote  aait  quo  le  taux  de  baaculomont 
on  gauehissonont  doit  fltro  proche  du  taux  ddsird,  mala 
il  lui  faut  d'uno  part  le  vdrifior  et  d'autre  part 
atopper  l'action  ljraque  l'angle  do  gite  a attaint 
vingt  degrds.  II  not  done  on  oervico  uno  deuxibme 
boucle  intomo,  la  boucle  ooil  cerveau,  pour  rocueillir 
lea  donnde3  ndceaouiros  nu  contrflle  do  la  boucle  ex- 
temo. 

D'une  fagon  analogue  a oe  qui  a dtd  ddcrit 
ci-de33uaf  le  travail  00  schematise  ainai  i 

- ordre  d'effort  (ce  qui  suppose  le  contrflle  d'effort 
decrit  ci-deaaua) 

- appel  do  donr.ee  d'angle  de  gite 

- tronaniaoion  de  la  donr.de  d' angle  de  gite 

- conparaiaon  avec  l'angle  de  gite  desire 

- correction  de  l'ordre  d'effort 

- appel  de  donnee  d'angle  de  gite 

■ etc  mi 

3i  le  pilote  veut  contrfllor  le  taux  d'incli- 
naiaon  en  lateral,  le  travail  aera  plus  eomplexo  car 
1' acquisition  de  la  donr.ee  doit  se  faire  par  au  noins 
deux  prelevenents  de  donnees  d' angle  $ separds  par 
l'intervalle  de  temps  k t pour  eatiner  d $/dt. 

Le  pilote  ayant  ainai  nodifid  l'angle  de 
gite  doit  cette  foia  contrfller  l'effet  de  cette  ma- 
noeuvre aur  aa  trajectoire  t il  lui  faut  recueillir 
dec  donndos  sur  la  trajectoire  ; il  va  done  appeler 
ce3  donneea  nouvelie3  en  dirigeant  l'oeil,  par  la 
boucle  interne  ooil-cerveau,  aur  1' instrument  le  plus 
apte  a le  renaeigner. 

Cette  foia,  il  no  va  paa  s'inataurer  une 
boucle  extome  conduiaant  h une  action  immediate  du 
pilote.  Il  y a d'abord  appel  d'un  certain  nombre 
d'informations,  cap  et  po3ition  d'aiguille  d'indica- 
teur  I.L.3.,  analyse  de  la  situation  et  par  un  proce3- 
3 us  analogue  a celui  ddcrit  ci-desous,  mais  moina 
cocplexe,  decision  de  modification  de  la  tactiqje. 

Nous  avona  decrit,  ioi,  le  caa  du  contrflle 
des  trajectoires  par  le  aystene  I.L.3.  Si  ce  contrflle 
se  fait  grflee  au  aystene  GCA,  1' acquisition  des  don- 
nees  de  trajectoire  oe  fait  par  1' intermedia!  re  de 
1' oreille  et  c'e3t  la  boucle  interne  oreillo-cerveau 
qui  sera  alors  mobilisde  a cot  eifet. 

Il  faut  noter  que  daris  ce  dernier  caa,  une 
part.ie  de  1' analyse  de  la  situation  eot  faite  par  le 
contrflleur  GCA  au  sol  qui  "prepare"  la  taotique  k 
suivre  en  .oruiant  non  seulenent  dea  indications  de 
position,  nais  dea  ordres  d'action  (ordro  do  cap  k 
3uivre  et  variation  du  taux  de  descents) . 

Cette  renarque  dtant  faite,  on  peut  rdsumer 
le  travail  du  pilote  de  la  fagon  suivante  : 

- acquisitions  de  donneea  gdndralos  portant  aur  la 
position  de  1 'avion  par  rapport  a la  trajectoire 
ddairee  et  aur  le3  assiette3  do  l'avion,  e'est-k- 
dire,  parametre  interesaant  la  sdcuritd  k court 
termo  et  paramo tre  interesaant  la  adouritd  imnddiatc 
(il  s'agit  bier,  ontendu  non  seulement  doa  parambtres 
de  position,  mais  dgalement  de  leura  derivees  par 
rapport  au  tenpa), 

- analyse  de  la  situation  et  ddciaion  de  taotique 
(basdea  sur  la  loi  de  pilotage), 


- ddoompooition  de  la  taotique  en  manoeuvres  dlemen- 
tairos  et  ddtemination  de  leura  "amplitudes", 

- pour  ehaque  manoeuvre  dldmontaire,  ddtermi nation  de 
l'amplitude  de  l'action  dldmontaire  our  lea  comman- 
dos, 

- aotion  our  une  commando, 

- contrflle  de  1' effort,  mise  en  service  de  la  boucle 
interne  main-cerveau, 

- contrflle  do  la  manoeuvre  (modification  de  l'action 
dldmontaire,  c'oat-k-dire  de  l'effort)  (miae  en  ser- 
vice de  la  boucle  interne  oeil-cerveau  recuelllant 
lea  donndoa  relatives  aux  parambtres  intdreasant  la 
sdcuritd  immediate), 

- contrflle  de  la  taotique  par  analyse  des  parambtres 
intdreasant  la  sdcuritd  k court  teme  (miae  en  ser- 
vice de  la  boucle  interne  oeil-cerveau  ou  oreille- 
cerveau). 

Noua  n'avons  ddcrit,  Juaqu'ici,  que  le  ddbut 
do  l'action  gdndrale  du  pilote  tendant  k "rejoindre" 
la  loi  do  pilotage  (heureusement,  la  manoeuvre  est 
moina  longue  k exdcuter  qu'k  ddcrire).  Au  moment  oil 
le  pilote  ayant  achevd  aa  premibre  manoeuvre  dldmen- 
taire  (inclinaison  de  20°  k gauche)  ddolenche  la  bou- 
cle interne  oeil-cerveau  pour  1' acquisition  de  para- 
metres  ndco83axre3  a l'analyse  de  la  situation,  celle- 
ci  peut  avoir  evolud  d'une  fagon  diffdrente  de  cells 
prdvue  t chute  de  la  Vitesse  par  exemple  sous  l'effet 
d'une  rafale.  Le  pilote  peut  done  8 tre  amend  k aban- 
donner  la  taetiquo  initiale  pour  rdtablir  promptement 
la  situation  nouvolle  qui  peut  ae  revdler  dangereuae. 

D'uno  fagon  gdndrale,  k ehaque  analyse  de  la 
situation,  le  pilote  vdrifie  d'abord  lea  parambtres 
intdreasant  la  sdcuritd  immddiate,  o'eat-k-dire  lea 
parambtres  relat-fs  aux  limitations  avions,  par  example 
lea  parametres  interesaant  la  limitation  d'incidence, 
e'eat-k-dire  Is  facteur  de  charge  et  la  Vitesse,  ou 
bien  l'aosiette  latdrale  etc  ...  Il  vdrifie  ensuite 
les  parametres  intdreasant  la  Bdcuritd  k court  terms, 
c'e3t-k-dire  les  parametres  lids  k la  rdussite  de  la 
Sous-Phase  an  cours  d'exdcution  (l'objectif  de  la  sous 
phase  est  defini  par  quelques  parambtres  commo  la 
position  de  l'avion,  la  grandeur  et  la  direction  du 
vecteur  vitesse  qu'il  faut  attqtadre  avec  certaines 
tolerances  en  fin  de  soua-phase).  La  taotique  du  pilo- 
te a pour  premier  but  de  respecter  la  sdcuritd  immd- 
diate et  pour  second  but,  me  fois  la  sdcuritd  imnb- 
diate  aasurdo,  de  respecter  la  sdcuritd  k court  terms. 
Hotons  que  lorsque  le  pilote  d'essais  ns  peut  respec- 
ter la  sdcuritd  immddiate,  en  abandonnant  la  adouritd 
k court  terms,  il  dvalue  les  qualitds  de  vol  par  une 
note  de  Cooper  comprise  entre  7 et  9 et  que  lorsqu'il 
ne  peut  mflme  plus  assurer  la  sdcuritd  immddiate,  il 
donne  la  note  10. 

Ceci  signifie  qu'une  fois  les  manoeuvres 
elemontaires  effectudes  (parfois  mflme  au  cours  de  la 
manoeuvre),  le  pilote  doit  surveiller  non  eeulement 
los  parametres  utiles  au  contrflle  de  la  manoeuvre, 
mais  dgalement  tous  les  autres  parambtres. 

Cette  operation  est  commandde  par  le  cerveau 
qui  centre  la  boucle  interne  oeil-cerveau  suooessive- 
ment  sur  les  differents  instruments  j le  passage  d'un 
instrument  k l'autre  et  l'ordre  de  balayage  sont  conmon- 
dde  soitpar  un  programme  mis  en  mdmoire  et  rd3ultant 
de  l'expdrienco  du  pilote,  soit  par  une  ddduction 
logique  rdsultant  des  lectures  des  instruments  prded- 
dents  et  d'une  analyse  partielle  de  la  situation  1 on 
peut  "sauter"  la  lecture  de  l'altimbtre  si  l'on  a 
constate  que  le  variombtre  est  tou jours  au  zdro  (cas 
du  vol  en  palier),  ou  la  lecture  du  cap  si  l'angle  de 
gite  est  tou jours  nul. 

Notona  que  cette  opbration  ie  contrflle  de 
la  si  tuation  est  tres  partielleraent  assurde  par  les 
capteurs  non  nobles  qui  peuvent  intervenir  pour  aver- 
tir  le  pilote  d'une  situation  anormale. 
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Nous  avons  doorit,  en  detail,  lo  dfiroulomont 
d'uno  manoeuvre  avoe  oa  bouelo  de  oontrfile  extemo 
ndoossitont  l'utiliaation  d'uno  bouole  interne  (oeil- 
oorveau  on  gdndral).  Dons  certains  caa,  la  manoeuvre 
peut  fitre  effectude  partiellement  en  bouole  ouverte 
par  lo  pilote  t il  en  profito  aloro  pour  oontrer  la 
bouole  intome  oeil-oervoau  aur  d'autros  paromiitres, 
afin  do  renouvoler  plus  rapidomont  son  analyse  de  la 
situation  ; cola  lui  pernot  do  diminuer  loo  retards 
de  la  bouelo  extemo  de  contrfile  de  la  tnetique. 

Cotto  remarque  mot  on  luniere  le  fait 
suivant,  tres  important  t toutea  los  operations  men- 
tales  d'onal."se  de  situation,  do  deoision  do  taotiquo, 
d'dlaboratif  :i  dos  manoeuvres  elemental  res  et  dcs 
actions  our  les  commandos,  de  recuoil  d' informations 
(commands  de3  boucles  intomos)  ne  peuvont  fitro  effec- 
tudes  que  euccesnivenent,  a do  tres  roros  exceptions 
pres. 

La  technique  do  pilotage  est  constitud-e  de 
1' ensemble  de  cos  processus  qui  doivent  fitre  executes 
dans  uno  periode  de  temps  detomind  par  la  oous-Phase  ; 
comae  noun  le  ddfinirons  plus  loin,  la  charge  do 
travail  du  pilote  est  on  relation  directo  avec  ees 
processus.  Aussi,  lo  diagram.no  du  pilote  peut-il  fitre 
resume  de  la  fn?on  culvante  (voir  figure  2)  : 

II  y a trois  t^-pos  de  boucles  i la  plus 
grande  qui  e3t  la  bouelo  do  securitd  a court  tome, 
la  secor.do  qui  est  la  boucle  de  securitd  immediate  et 
la  plus  petite  qui  est  la  bouelo  d'effort  sur  lea 
comaandes. 

II  est  tre3  important  de  noter  quo  le  dia- 
granae  complet  peat  fitre  rendu  beaucoup  plu3  conplcxe. 
En  effet,  il  est  possible  de  reprdsenter  tous  les 
parunetres  exterieurs  ver.ant  de  1' avion  et  tous  les 
cantcura  humains  et  obtenir  ainsi  un  grand  nonbre  de 
boucles  de3  trois  t.vpos  donndo  dan3  le  diagranme. 

Nous  notorons  aussi  qu'a  ohaque  moment  il 
y a oeuloment  une  bouole  en  service,  ce  qui  constitue 
la  difference  fondamentale  ontro  un  pilote  et  un 
pilote  autonatiaue. 

Le  choix  de  la  boucle  en  service  C3t  fuit 
par  la  nartio  ccntralc  du  cerveau  q'ii  est  reprdsentdo 


sur  lo  haut  du  diagromno,  sous  forme  d'un  ordre,  au 
captour  choisi,  de  tranomottre  l'infornntion  ndcos- 
oairo. 

Le  proceoaus  do  pilotage, et  par  consequent 
le  nonbre  dos  opdrations  dldraentairoo  d' acquisition 
de  troitomont  des  donndes,  d’dlaboration  don  manoeu- 
vres et  dos  actions  sur  los  commandos,  d'dlaboration 
du  processus  d'aoquisition  et  d 'analyse  den  donndes, 
depend  do  la  Soua-Phase,  de  l'Etat  de  l'Avion  (Confi- 
guration offichdo,  situation  de  ponno,  masse  et  oon- 
trogo),  de  l'Etat  do  1 'Atmosphere  et  bien  entendu  do 
la  Loi  de  pilotage  et  du  travail  auxiliairo  qui  sont 
a la  base  du  processus  u suivre. 

La  ciiarro  du  travail  du  piloto  (ou  en 
gdndraliaant  la  charge  do  travail  do  1' equipage) 
durnnt  une  30U3-Ph:ise  eat  noourdo  par  lo  ronbre  dos 
opdrution3  eldmontaires  de  traitement  de  l'infortiia- 
tion,  ndooDsoiros  pour  oxdcuter  la  Lous-i  haso. 

Ain3i,  la  charge  de  travail  eat  ddterninde 
par  l'on3omble  Eous-Phaso,  Etat  de  l'Avion,  Etut  de 
l'Atnosphero,  Loi  do  pilotogo  et  travail  auxibuiro. 

Et  aainteiujnt,  oommont  ooncevoir  lc  poste 
d'dquipuge  et  1 'avion  lui-mfime,  afin  de  rdduire  la 
ciiarge  de  travail  ? 

Un  certain  nonbre  do  tentativos  ont  dtd 
faito3  dans  ce  non3,  ces  dornieres  anndes,  aveo  plus 
ou  noins  de  succes,  et  ecs  rechcrchoo  ont  nontrd  qu'il 
eot  n ices  noire  d 'fitre  tres  prudont  on  modiflant  le 
processus  de  pilotage. 

Par  example,  il  est  facile  do  voir  quo  la 
charge  do  travail  n'est  pan  reduite  on  renplajant 
tout  Id  processus  d' analyse  non  talc  dos  deux  premieres 
boucles  par  un  processus  d'aoquisition  continu  des 
donnees  oonsistont  a fo’omir  dos  informations  sur  le 
tableau  do  bord  sous  la  forme  d' instructions  directes 
de  pilotage,  analogues  u colles  foumies  par  un  diroc- 
tcur  de  vol. 

Si  l'on  prdsonto  au  pilote  dcs  ordros  don- 
nant  diroctcncnt  lo  sens  et  la  grandeur  des  actions 
our  leu  commandos,  nans  autre  indication,  lo  piloto 
doit  mobiliner  tot  dement  la  boucle  interne  oeil- 
corveau  sur  cut  unique  instrument  car  il  no  sait  pas 


Fig.  2 • Schema  de  fonctionnement  du  pilote.  Les  trois  boucles  de  pilotage. 


h priori  quolle  ost  In  raison  do  son  action  > il  no 
pout  pl'is  lftahor  don  youx  l'inntrunont.  Pur  oxonolo 
un  ordro  "manche  n gauche"  pout  fitro  donnd  uu  pilote 
dons  loo  doux  circonstancoa  nuivunteo  : l'uvion  oat 
our  la  truuoctoire  d oireo  cfciis  une  rui'alo  l'u  incline' 
k droito  ou  bion  l'avion  a lou  nileo  horizontalo3, 
unis  lo  vont  l'a  duplacd  k droite  do  la  trujoctoire 
ddsirdo. 

Dana  co  douxiemo  can,  1' ordro  initial  aora 
3uivi  d'un  ordro  d'  inclirmiaon  pour  ro.not.tre  loo  uilon 
horizon taloa,  d'un  douxieme  ordro  d'inclinaiaon  u 
droite  pour  re  prendre  lo  cap  initial  puis  un  ordre 
d'inclinuioon  a , -audio  pour  ronettre  loa  ailes  hori- 
zontalca  j dans  lo  premier  c;i3,  il  n'y  aura  pan 
d'oriro  coaplunontnire  ot  lo  piloto  ne  pout  le  oavoir 
ot  ne  oeut  detournor  sen  attention  do  1' instrument 
dans  l'attonte  do  1' ordre  ouivant  qu'il  no  peut  prd- 
voirt  autrement  dit,  un  tel  systene  onnule  totalomer.t 
lea  processus  d' analyse  et  d'dlaborat.on  dos  deux 
bouclea  do  sdcuritd  u court  terne  et  de  sdcuritd 
immediate  et  le  cervcau  est  entieremont  mobilise  par 
l'aoquioition  dos  donndes. 

Procisons  que  coo  conclusions  ne  3ont 
valablca  que  dans  le  cnc  ou  1' indication  tronnnise 
au  piloto  do  fa?on  nnalo/hquo  est  uno  indication  pure 
d'aotion  our  la  comnande,  par  oxonpio  mmeho  a gauche 
ou  a droite,  a pouaaer,  u tircr  (avoc  ordre  do  gran- 
deur dos  efforts).  Les  conclus.ons  seraient  tres  mo- 
difieos  si  les  indications  d' ordre  dtaient  des  ordres 
d'a03iette  a reol.cer,  doubles  d'ordre  do  manoeuvre, 
par  exonple  incliner  l'avion  u gauche  de  15®  sur 
l'horizon  pour  une  variation  do  cap  de  30°  a gauc  .e , 
augmonter  l'aooiette  longitudinale  de  2°,  car  dans 
ces  condit.ons,  le  pilote  conprend  co  qu'il  fait  et 
salt  "ou  il  en  est". 

Dans  le  nfine  ordre  d'idees,  les  indications 
de  position  trano=ise3  par  le  contrfileur  GCA  sont 
doublee3  d'ordres  do  manoeuvre  (indication  de  cap  par 
exemple  ou  de  taux  de  descento).  Le  contrfileur  GCA 
prend  alors  a son  compte  la  bouclo  do  sdcuritd  a court 
terne,  determine  les  manoeuvres  a realiser  et  laisse 
au  pilote  les  deux  autres  boucles  pour  effectuer  les 
manoeuvres  comannddes.  Autreaent  dit  le  contrfilour 
GCA  assure  la  security  A court  terse,  loi03ant  au  pi- 
lote le  3oir.  d' assuror  la  sdcuritd  immediate. 

En  definitive,  tout  di3positif  de  presenta- 
tion des  donndes  doit  simplifier  lo  processus  d'dla- 
boration  ot  d'asalyse  de  la  boucle  de  sdcuritd  k court 
terme  (rafime  les  annuler)  et  laisser  au  pilote  le  con- 
trfile  de  la  boucle  de  sdcuritd  immediate  tout  en  lui 
facilitant  l'dluboration  des  efforts  sur  les  commandos. 

Voyons,  maintenant,  comment  concevoir  a la 
lumidro  de  1' etude  preeddente,  la  presentation  dos 
informations  pour  les  phases  d'atterrissage  et  de 
ddcollage. 

Cette  conception  est  basde  sur  lea  remarquea 
ouivantes,  concemant  lo  pilotage  avec  le  tableau  de 
bord  claS3ique  : 

a)  L'atterriooage  a vue  est  plus  facile  a exdcuter 
que  l'atterrissage  sans  visibilitd  avee  les  instru- 
ments actuels. 

b)  Au  cours  de  l’atterrissage  & vue,  il  est  facile 
d'aligner  l'avion  sur  le  plan  vertical  de  symdtrie 
de  la  pi3te,  mais  il  est  difficile  de  savoir  si  l'on 
fera  un  atterrissage  long  ou  court  ; en  l'absence  de 
tout  moyen,  la  deacente  se  fait  par  approximations 
succossivos,  en  rdduisant  ou  augmentant  les  gaz 
(augmentation  ou  diminution  de  la  pente  de  descents) 
a la  suite  d' observations  do  la  perspective  de  la 
piste.  Bien  souvent  le  pilote  utilise  les  indications 
de  l'I.L.3.  ou  des  prdaffichages  i dloignonent  vent 
arrifere  minutd  aprks  passage  par  le  travors  du  seuil 
de  piste  pour  se  placer  k une  distance  oonvonable  de 
la  piste  (compte  tenu  du  vent),  offichage  d'une  pous- 


sdo  rdaetcur  tenant  compte  du  vent,  do  la  maB3e  avion 
ot  do  la  vitosoe  d'approcho,  etc  ... 

c)  La  pouaudo  a afficher  en  approche  pour  maintenir 
un  taux  do  dosconte  donnd  h vitesse  don nde  est  ddli- 
cate  k ddteminor  oar  lo  d lai  entro  la  variation  de 
la  position  dos  manetteo  des  guz  et  l'dtablisseuGiit 
du  nouveau  taux  do  dosconte  est  tr'  s long  (il  ddpend 
dos  coractdristiq  loo  de  la  phygoTdo) . 

d)  Au  ddcollage,  l'accdldrat.on  rdelle  do  l'avion 
n'o3t  vdrifido  quo  par  lo  temps  ndcossairo  pour 
attoindre  une  vitosoe  choisie,  suffisannout  grunde 
pour  que  la  nesure  soit  significative  et  suffioomnent 
faible  pour  que  le  ddcollage  puiose  fitro  interrompu 
sans  risque,  (on  gdndral  100  kt).  Lot  oris  quo  mfine  si 
la  poussde  nominal  e des  motours  est  ossurdo  par  l'af- 
fichago  d'un  paranutre  tel  quo  l'EPR,  l'accdldration 
ndeessairo  pout  fitre  rdduite  par  des  tralnde3  parasites 
(spoilers,  trnppo3  de  train  ouvertos),  par  un  froinage 
'hydrodynamiquo  (slu3h,  neige,  flaques  d'eau),  par  une 
panne  du  s.yateme  do  froinage,  etc  ... 

e)  Apres  le  ddcollage,  les  manoouvros  antibruit  ame- 
nont  a faire  une  rdduction  a priori  do  la  poussde  avoc 
risque  d'affichage  d'une  poussde  infdrieuro  u la  pous- 
sde ndceo3aire  au  vol  a la  vitesse  et  a la  pente  re- 
comnnndde  de  montee. 

f ) En  cos  de  panne  de  noteur  ou  de  remise  de  gaz,  le 
pilote  03t  amend  k effectuer  des  manoeuvres  a priori 
baaee3  sur  des  affichages  de  poussde  et  d'asoiette 
longitudinale  3ans  contrfile  direct  de  sa  trajectoire 
(le  varionetre  est  un  instrument  dangereux  en  evolu- 
tion, a cause  de  son  retard  dfl  a son  principo  nfime  do 
fonctionnenent), 

g)  Enfin,  a vue.il  est  trfrs  difficile  de  savoir  si 
l'avion  passera  ou  non  un  obstacle  donnd  (de  mfime 
qu'il  63t  difficile  do  prdvoir  le  point  d'impact  sur 
la  pi3te).  Combien  d'accidents  suit  dus  au  fait  qu'en 
approche  k vue  (de  nuit  surtout)  l'avion  heurte  une 
colline  situde  dans  l'axe  de  piste,  alors  que  le 
pilote  voyait  parfaitement  l'entree  de  bande  en  ddbut 
d' approche. 

Pour  corriger  les  ddfauts  don  tableaux  de 
bord  actuels  nous  proposons  done  d'dquipor  le  cockpit 
avec  les  dispositions  suivantes  s 

- un  dispositif  de  prdsentation  tfito  haute  (head  up 
display)  fournissant  les  parametres  suivonts  s 

. vecteur  vitesse 

. horizon 

. piste  synthdtique 

. incidence 

. pente  totale 

Ces  informations  sont  suffisantes  pour 
piloter  directement  l'avion  au  cours  des  phases  ddcol- 
lage, montde  initiale,  approche  et  atterrissage  ou 
pour  vdrifier  le  fonctionnenent  du  pilote  automatique 
duront  la  phase  atterrissage  automatique. 

- un  dispositif  de  prdsentation  des  informations  tfitc 
ba3se  fournissant  les  parametres  utiles  pour  la  navi- 
gation, le  respect  du  domaine  de  vol,  le  contrfile  dec 
moteurs,  le  sy3teme  d'alarme,  etc  ... 

- un  pilote  automatique  pour  les  Phases  de  vol  stabi- 
lisdes  loin  du  sol  ou  pour  la  Phase  d’atterrissage 
automatique 

- un  micromanipulateur  pour  piloter  l'avion  au  cours 
des  Phases  voisines  du  sol. 

Autremsnt  dit  le  .prdsentation  tfite  haute 
et  le  micromanipulateur  seront  utilisds  ensemble  au 
cours  des  phases  au  voisinage  du  sol,  la  ou  il  est 
ndeessaire  que  le  pilote  ait  une  connaissance  continue 
et  parfaite  de  la  situation  de  l'avion  en  position  et 
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anaiotto.  lUannoino,  afin  de  rfiduiro  lo  travail  doo 
piloios  doa  oonpa,;nieo  aurio.’jioo  qui  pouvent  avoir  a 
offectuer  chaquo  Jour  un  grand  norabro  d'attorrisimgos, 
il  pout  8tro  judicioux  d'utilioor  lo  pilote  automati- 
quo  pour  doa  atterrissngeo  automtiquoa.  La  fiabilite 
do  coa  diopooitifo  n'oat  paa  oncoro  suffiDanto  (mCrae 
on  multipliant  lea  chalnoa)  pour  assuror  la  odcuribo. 
Aussi,  oat-il  ndcessoiro  quo  le  piloto  puiaao  v^r.fior 
lo  piloto  automatiquo  pur  un  diopooitif  independent  et 
qu'il  puiaao  offootuer  rannuollonont  l'attorriaau/^  on 
caa  de  punno.  Iloua  ponaona  quo  la  survoillunco  du 
pilote  autonatiquo  et  quo  lo  pilotage  do  1' avion  par 
l'i  .ternodiairo  lo  la  presentation  tfite  haute  oat  uno 
solution  nux  problemos  do  la  fiabilitd  du  piloto  au- 
tomatique. 

D'un  autro  cfitd,  la  presentation  tfite  baaao 
ot  lo  pilote  autonntique  soront  utiliada  au  cours  doo 
Pha3ea  loin  du  sol  ou  loa  problunos  do  security  a long 
terse  conoernant  la  navigation  aont  plus  inpoi tants 
quo  loa  problbmea  de  security  immediate  ou  do  security 
a court  terne. 


L'idee  fondsnontale  e3t  de  donner  au  pilote 
los  mfir.es  informations  pour  lo  vol  aaiis  visibility 
que  pour  lo  vol  avec  visibility,  nais  un  aucun  caa 
do  reproduiro  dans  le  dispositif  do  presentation  tfite 
haute  loa  nfir,e3  informations  que  cellos  foumiec  par 
un  tableau  de  bord  eonventionnol.  En  effot,  noa  etu- 
des ont  nontre  que  loraque  lea  informations  olaaai- 
quca  telle3  quo  s eehollo  d'altitude,  dchclle  de 
Vitesse,  aiguillea  d'l.L.E.  sont  foumies  dans  lo 
dispositif  tfite  hauto,  le  piloto  ne  peut  a lu  fois 
lire  los  donnecs  et  recorder  le  sol,  nfime  quand  los 
echelles  aont  colliaatees  2i  l'infini.  Dana  certains 
oas,  au  coura  do  noa  oaaais,  lea  pilotes  n'ont  pus 
oru  que  los  echelles  dtaient  colUeatees  a 1'ir.fini  : 
ils  se  plaignaient  d'avoir  a acco.~r.odar  successiver.ent 
aur  les  echelles  puis  aur  le  aol.  ..'oua  pensono  quo 
oeci  provient  peut-fitre  du  lait  qu'il  n'e3t  pas  natu- 
ral pour  un  pilot.e  de  voir  uno  echolle  altimuStrique 
h 1' inf ini  j ausai,  le  corvoau.par  rdf lexe^  donande 
t-il  u l'oeil  d'acooraoder  a la  distance  normale  pour 
un  instrument,  oo  qui  oblige  alora  le  pilote  a aocon- 
imoder  volontairement  u l'infini. 

Uno  autre  raison  inportantepour  presenter 
dans  le  dispositif  tfito  haute  dos  informat:  ono  Hies 
au  nonde  exterieur,  e3t  fendoe  aur  la  remarque  faite 
plu3  haut,  que  l'axe  optique  de  l'oeil  eat  naintenu 
sensiblenent  fixo  par  rapport  au  nor.de  extorie.tr  par 
un  " as  se  rvis  semen  t"  interne  au  oer/eau  noauro-ut  los 
accelerations  par  l'oreille  interne. 

En  consequence,  3i  dos  dotuieos  relatives  au 
condo  exterieur,  telles  que  1' horizon,  la  piato  sont 
foumios  dano  le  dispositif  tfite  haute,  le  pilote 
n'cprouve  aucuno  difficulty  pour  recorder  ccs  symholes 
nalgrd  los  vibrations  et  les  mouvements  do  l'avion  due 
a la  turbulence.  Ceci  n'e3t  exact  quo  dans  la  nesure 
ou  les  synbolca  aont  fixes  par  rapport  au  nonde  ex- 
tdrieur.  Si  nou3  prdsontona  dan3  lo  disposi  tif  tfite 
haute  des  sjamboles  conne  das  echelles  d'altitude  ou 
de3  aiguilles  croiaee3  fixes  par  rapport  a l'avion, 
lo  piloto  aura,  en  turbulence,  la  mfiae  difficulty 
pour  les  recorder,  mfine  s'ils  sont  collimates  a l'in- 
fini, que  dans  le  oaa  d' instruments  olasoiquos  au 
tableau  de  bord. 

D'un  autre  ofite,  si  nous  diapoaono  des 
oynbolos  tola  que  : horizon,  piste,  lids  au  nonde 
exterieur,  dans  le  dispositif  tfite  basae,  le  pilote 
aura  loa  mfir.e3  difficultos  do  lecture  en  turbulence 
que  pour  lea  instruments  olasaiques,  nfino  oi  les 
synboles  sont  a l’echellc  un,  parce  qu'ils  no  peuvont 
fitre  collimates  a l'infini. 

Auasi,  donnerons-noua  au  piloto  des  infor- 
mations aus3i  proches  quo  possible  des  informations 
visuelles  s horizon  ot  piste  syn  hetique,  La  piste 
oynthotique  peut  fi're  bfitio  ii  par  ir  d' informations 
provonant  do  1'ILE  ou  do  tout  autro  systene  installo 


uu  aol  ou  ii  bord  do  l'avion.  Thyortquenont,  ooa  in- 
formations dovruiont  fltro  ouffisuntes  puisquo  durant 
un  attorrisnage  visual  le  piloto  no  dioposo  d'aucune 
autro  information  (aauf  la  vitoouo  j nous  rovioudrona 
our  oo  point  un  pou  pluu  Lard).  l.aia  l'oxpyrionoe  u 
montrd  qu'il  n'ost  pas  tron  facilo  d'offoctuor  l'ap- 
proeho  aveo  l'angle  do  doaoonte  oorroot.  II  eot 
fac.lo  do  pilotor  l'avion  dans  lo  plan  vertical  do 
aytaotrio  do  la  piote,  maia  non  paa  lo  long  du  plan  do 
dooccnto.  Coci  proviont  du  fait  quo  lo  voctour  Vitesse 
oat  gdn  Irulomont  datia  lo  plan  bion  oonnu  do  syindtrio 
do  l'avion,  mala  que  lo  pilote  n'on  commit  pus  aon 
orienation  dann  co  plun. 

Auaai,  ullons-noua  ajoutcr  uno  uouvollo 
information  dans  lo  dlapoa  tif  do  presentation  tfito 
haute  s la  trace  au  aol  du  veoteur  vitossc.  Ce  point 
eat  lo  point  que  l'avion  attoindra  ai  lo  pilote  nain- 
ti int  les  comando3  en  position  fixo.  Le  node  d'utili- 
sation  do  ootte  information  cat  evident  : qui-nd  lo 
aeuil  de  la  piste  cat  ii  2°5  au-lesaouo  do  l1  horizon, 
le  pilote  pousne  our  le  none he  de  faqon  h plaoor  lo 
vcotour  viteaac  cur  lo  aeuil  et  le  inointiont  dans 
cotte  position. 

Cost  alora  que  ae  pose  la  question  du  ehoix 
ontre  loo  deux  vec tears  viteosos  posoiblos  : le  vec- 
tour  viteasc-air  ou  lo  voctour  viteose-3ol. 

Au  premier  abord,  il  sornblo  evident  qu'il 
ooit  nc-cessaire  d'utiliaer  le  voctour  vitecac-3ol 
puiaque  oelui-ci  tient  eompto  de  l'offet  du  vont  cur 
la  trajoetoiro.  Udannoins,  un  pilote  suit  aiaJnont 
corriger  la  derive  due  a un  vont  de  travora  ; pourquoi 
no  saurait-il  pas  on  fairs  autant  dans  le  plan  vorti- 
cal ? 3’il  voit  par  exem.plo  quo  lo  voctour  vitesoe 
air  rccule,  coci  oigifio  qu'il  y a un  vor.t  do  face  ; 
il  ost  aloro  facile  do  visor  un  point  a quelque  cent 
pioda  apreo  le  aeuil.  Lous  devrons  romarquer  ogalonent 
que  le  vocteur  vitesse  au  cours  d'une  approehe  est 
voisin  de  l'horizontale  (environ  2,5  degros).  Ainsi 
1' angle  entre  la  vitesse  et  la  coapooa:ite  du  vent  le 
long  de  l'axe  de  la  piste  eot  souloner.t  2,5  degr  's 
co  qui  signifio  quo  la  derive  dano  le  plan  vortical 
ost  tr'.s  faiole. 

En  consequence,  la  derive  dans  le  plan 
horizontal  ot  dons  le  plan  vertical  eot  facile  a 
corr.ger  et  les  avantages  du  vocteur  viteose-sol  no 
sont  pas  Jvidcnts  (nous  reviendrons,  un  pou  plU3  loin, 
r.  or  la  faqon  pratique  de  tenir  con,. to  de  003  deux 
derives) . 

D'un  autre  efite,  1' angle  entre  le  veoteur 
vitesse  air  et  l'axe  de  reference  do  l'avion  est  oar 
definition  l'angle  d'i.ic-der.cc  ; cette  remarcue  a 
deux  conseq  enoes  inportantoo  ; 

a)  La  3eulo  nes’ure  do  l'angle  d'incidence  pout  fuurnir 
l'informmtion  necessaire  pour  ir.troduiro  lo  voctour 
vitcoso-air  dano  lo  dispositif  do  presentation  tfito 
haute.  Cette  information  ost  fournie  par  dos  sondes 
ou  des  girouettes  et  est  certainement  plus  facile 

a obte.nir  quo  lea  informations  concemant  le  voc- 
teur vitcose-aol  qui  exige  au  moins  un  radar  doppler 
ot  unc  ccntrale  de  vertioale. 

b)  La  distance  ar.galairo  vue  par  le  pilote,  entre  le 
vecte\  r vitesae  et  un  point  f'xe  dans  lo  vioeur 
roprooentant  la  trace  de  l'axo  do  reference  de 
l’avion,  est  Juatonent  l'angle  d'incidence  ciosurd 
a echello  unite.  En  consequence,  si  le  point  eot 
fixe  dans  une  position  telle  que  1' angle  entre  ce 
point  ot  l'axe  do  reference  est  ogalo  a l'angle 
d'incidenco  optinale  poor  la  phase  approche,  il 
est  facile  pour  le  pilote  do  respecter  la  limita- 
tion d’anglo  d'incidence. 

L'utilisation  du  voctour  vitesao  donnee  s’.ir 
los  figures  3 & 7 sera  la  suivante  : 

Lo  point  fixe  lie  a l'axe  longitudinal  est 
un  T inverse  s la  hauteur  de  ce  T est  de  deux  degre3 
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ot  quand  lo  vuctour  vitooso  roprdnonlu  pur  In  croix 
attaint  lo  soiaiet  ilu  T 1' angle  d'incidenco  oot  1 * un— 
gle  d'incidenco  optimal  pour  In  phnuo  npprooho  | on 
a ouppootS  dnno  notre  exomplo  quo  cot  tingle  dtait  do 
14  dogrds,  correspond  «int  h uno  vitonco  d'npprocko  do 
loO  kt  , Ji  lo  vcotour  vi tonne  uttrint  1' ox tr unite' 
banoo  du  T l'unglo  d'inoidonco  ont  nloru  do  to  do.T'.'n, 
co  qui  oorroapond  nu  debut  do  l'ularuo  d'inoidonco 
(klaxon,  flash  ou  stick  ohnkor). 

Jo  ddpln?nnt  nvee  1 ' horizon,  doc  graduations 
on  dogrdo  doiuiont  loo  unglos  do  nontee  ou  lea  angles 
do  dcscoato.  La  ligna  pointillco  oot  h 2,5  dogrda  nu- 
doonouo  uo  1 1 horizon. 

rirU’in,  la  pinto  ronrone  ituo  par  un  trapeze 
doforsable  eot  oupposdc  avoir  uno  longueur  do  10  000 
piods  ot  uno  larcour  do  250  pioda. 

dur  la  figure  i 1'  avion  ost  cuopone  ft  re  on 
vol  horizontal  a l'anglc  d'inoidonco  do  dix  dacron. 
Ain.  i lo  vccteur  vitosne  ont  our  l’horizon  ot  lo 
Bomaot  du  T cat  a 4 degrtis  au-docnou3  du  vectour 
vitesne.  L1 altitude  etan.  do  1 }00  piodn  ct  In  d'o- 
ta.ee  nu  nouil  de  piste  t,v  t do  10  millos  nnutiq:  s, 
li  bnrrc  reprOsontant  lo  ceuil  03t  a 1°41  nu-donaous 
do  l'.iorizor.. 
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Fig.  3 • Collimateur  de  pilotage.  L'avion  est  en  vol  en  palter  a 

7 500  ft  a 10°  d*  inc  idence.  La  piste  est  a 10  miles  nautiques . 


Fig.  5 • Collimateur  de  pilotage.  L'ovion  est  en  descente  sous  une 
pente  de  2,5° . Le  pilote  n'ayant  pas  suffisamment  reduit  la 
poussee , la  vitesse  a c ru  et  /'incidence  a diminue  (13° ). 
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Fig.  6 • Collimateur  de  pilotage.  L'avion  est  en  descente  sous  une 
pente  de  2, 5°  a /' altitude  de  300  ft.  L* incidence  est  de  nou- 
veau /' incidence  d'approche  recommondee  (14°). 


\ / 

/ 

\ 



□ 

_ _ 

Fig.  4 - Collimateur  de  pilotage.  L'avion  est  en  vol  en  palier  6 
J 500  ft  a 14 0 d 'incidence  (incidence  d'approche  recom- 
mandee).  Le  seuil  de  piste  a 5,7  miles  nautiques  est  a 
2, 5°  au-dessous  de  /'horizon.  C'esf  I’instant  de  mise  en 
descenfe. 


Fig.  7 . Collimateur  de  pilotcije.  L'avion  est  en  descente  sous  une 

pente  de  2, 5°  6 I'aliitude  de  ft  recommandee  pour  I'arrondi. 
Les  bmdes  de  50  pieds  de  large  sont  espacees  de  1000 pied s 
le  long  de  I'axe. 
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Afin  d'obtonir  In  vi  tonne  optinalo  le  pi- 
lots rAliiit  In  pouo.ido  on  nnintonnnt  lo  vooto'.ir 
v; lo  o mir  l'horiuon.  La  vl  ton  o optinalo  out  obte- 
:mo  loroquo  lo  oor.uiot  du  T nttoint  lo  voctour  vitoouo. 
n roalltii  lo  T no  no  duplaao  pan  dano  lo  vinonr  ot 
o'out  lo  vootour  vitaooo  qui  rejoint  le  T ; main  pour 
lo  piloto  1' horizon  oot  fixe,  lo  voctour  vitoone  ost 
nuintonu  fixe  nur  1' horizon  on  tinuit  our  lo  r.inncko, 
co  qui  oar  consequent,  uugnento  l'nooiotto  ot  ddplace 
lo  T on  direction  do  1'. horizon  ot  du  vootour  vitoooo. 

Our  In  fig:  as  4 1'  avion  oot  ouppoou  fitro 
or.coro  on  vol  horis  itul,  maio  h l'nnclo  d'i.ioidoi.co 
do  14  dogrdo  ; In  -i:.  -uico  nu  oouil  dtunt  nnintonnnt 
do  5,7  nil  Ion  imutiquus,  In  bnrre  rer.ru son  tar.  t le 
oouil  oot  pros  d'nt*  eindro  2,5  degrJo  uu-doooouo  do 
l'horlzon  s c'oot  le  bon  moment  pour  lo  piloto  de 
counoncor  In  manoeuvre  do  rondu  do  iinin  do  faqon  u 
plueor  le  voctour  viteooo  our  lo  oouil. 

Sur  In  figure  5 lo  voctour  vitoooo  eat  o’ur 
lo  oouil,  rmic  lc  , iloto  n'oj’nnt  pas  rdduit  la  poue- 
sde,  la  vitoooo  n a t£jnontd  ot  l'angle  d'incide  .ce  oot 
14  Jot's  (cc  qui  ropreaenic  uno  variation  relative 


du  vootour  vont  (oxprimd  on  nooudo),  uoit  B°P  pour 
20  kt  do  vont  lateral,  En  pratique,  In  ddrivo  von- 
tionlo  jiout  fitro  nffiehdo  par  lo  pilote  on  ddcolunt 
voro  lo  I unit  pour  un  vent  de  fnoo  lo  voctour  vitoone 
nir  h l'oido  d'uno  commando  grad ueo  directoaont  en 
vitoooo  do  vont  (uno  repetition  digitJo  do  ootte 
vnlour  pout  6trc  foumie  dona  un  coin  du  vioeur).  A 
condition  quo  lo  ropiire  fixe  ooit  ddoalu  du  mfirno 
angle,  la  liotur.ee  voctour  vitoooo,  ropero  fixo 
fournit  tou jours  l'inlicction  do  marge  d'inoidonoe 
dioponiblo.  Go  diopooitif  pout  fitro  oimplifid  pour 
loo  oviono  destines  h nppontor  3ur  porte-nvion, 
puinquo  la  vitoooe  du  vont  our  le  pont  ost  maintenue 
constants  t un  ddcalage  oonotant  (o°6B  pour  30  kt 
do  vont  our  lo  pont  ot  110  kt  do  vito3oe  d'npprocho 
ooua  2°5)  pout  fitro  offload  pour  l'appontage. 

En  oo  qui  concerno  la  ddrivo  latdraie,  il 
oot  plan  oonmodc  do  romplacer  lo  vootour  Vitesse 
por.ctuol  par  uno  "barro"  composes  de  points  distants 
do  un  degrd  et  nooervio  h roster  parallislo  h l'hori- 
zon  (pour  faoilitor  la  lecture,  lcs  points  gauche  et 
droit  a 5 ot  10°  peuvent  fitre  identifies  par  un 
3igne  different). 


lo  vitor.ee  do 


o'cot-a-diro  do  l'ordre  do  4 ou 
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dano  notro  oao  d'environ  6 noouds),  Ainoi,  lo  comet 
du  T cot  L un  dogrd  au-ieooouo  du  veotour  vitosoo  ; 
I'action  au  piloto  oot  uvidente  : r'duiro  la  pouoode 
on  win  tenant  avac  ic  mar.cho  lo  voctour  vitoore  our 
our  le  oouil  en  attendant  quo  le  eoranet  du  V regale 
lo  voctoi  r vitoooo. 


Sur  la  figuro  6 lo  taux  do  doocento  et 
l’unglo  d'inoidonoe  sent  corrects,  l'altitude  oot  de 
300  piodo  : 1' avion  eat  en  bonr.o  position  pour  l'at- 
torrisenge.  On  peut  voir  quo  la  precision  do  vioee 
■lu  voctour  vitcooo  augmente  lorsque  la  distance  a in 
piste  dininuo  puisquo  la  taille  de  la  pi3te  augiente. 

Enfin,  our  la  figure  7 1' altitude  03t  de 
50  piedo,  l'avion  est  an  bonne  position  pour  coiaoen- 
cor  l'arrondi  ; notant  le  signal  doruid  par  le  radio 
altimotro  a 1' altitude  do  50  piodo,  lo  piloto  reduit 
1 1 angle  de  deccc>  to  on  visant  un  point  our  In  piste 
a un  degrd  par  cxocple  au-dosooua  do  l'horizon,  c'ost- 
a-dire  a environ  1 700  piodo  apreo  le  oouil  de  piste. 
(Pour  mieuz  prdciccr  la  perspective  sous  laquelle  eot 
vuc  la  piste,  nous  avono  ouppoou  quo  des  bandes  de  50 
pious  de  largo  etaient  dioposeeo  touo  leo  1 000  piodo 
lo  long  do  l'axo).  Dano  cc  cao,  le  taux  de  deoconte 
oot  1,75  < de  la  vitoooo  ce  qui  donno  pour  notre  avion 
uno  vitG3oe  verticale  do  4 piodo/ ooconao  pour  une 
vitosoo  d'nttorriooage  do  140  noeuds. 

Sovonono  cointenont  sur  l’affichage  dcs 
dor- vac  vorticalco  et  horizon tales,  Lo  voctour  viteo- 
oc -Terre  (*)  du  fait  du  vent,  fait  avee  lc  vecteur 
vitoooe-air  un  angle  dont  la  projection  our  lo  plan 
horizontal  cot  la  "derive  latdraie"  et  la  projection 
cur  lo  plan  vertical  parall'ule  a la  piste  e3t  la 
"derive  verticale".  Ei  l’on  veut  naintenir  la  trace 
au  sol  du  vecteur  viteooe-terre  on  ur.  point  fixe  de 
la  pinto  (lo  milieu  du  so  dl  par  exenple)  il  faut 
done  naintonir  lo  vecteur  viteooe-air  non  pas  en  un 
point  fixe  Ju  sol,  nais  one  distance  angulaire  fixe 
(rcu  'r'o  par  loo  deux  an  leo  do  derive)  du  point  vise. 
Pour  fixer  leo  ordreo  do  grandeur,  precisons  quo  pour 
uno  vitoooo  d'a.procho  do  130  kt  ot  uno  per.to  do  2°5 
1* angle  do  derive  verticale  eot  de  0,02  * ou 

oot  la  conncoante  axialo  du  voote^ir  vent 
(exprim  en  nooudo),  soit  G°40  po'or  20  kt  (oi  le 
vont  cot  do  face,  lo  voctour  viteooe-air  doit  fitro 
place  au-deoouc  du  point  vioJ).  Pour  la  nfi.ue  vlteono 
d'approcno,  1' angle  dc  derive  latd 'ale  oot  do  0,44* 

O'-1  ^\wn.  03t  conpoaanto  nomalo  h la  piste 


*)  Le  tenae  vitoooo-ool  oot  reserve  a la  projootion 
our  lo  plan  horizontal  du  vecteur  vitosse  par 
rapport  u la  Torre  ou  vecteur  viteooo-Terre. 


Ainoi  pour  un  vont  lateral  gauche  de  10  kt 
(ii  130  kt  do  vitosoo  d'asproche)  le  pilote  placera 
le  milieu  du  oeuil  do  pi3te  ontre  los  points  h 4*et 
5°  droit. 


Lc  probleme  dcs  derives  eta;it  ainsi  rogld, 
connent  le  piloto  agit-il  dut  lc  voctour  viteooe? 

Sn  ce  qui  concorno  l'alignouor.t  lateral,  le  problem 
n'est  pao  c nun  go  par  rapport  au  pilotage  claooique, 
il  est  mfime  facilite  du  fait  quo  1'  ingle  da  ddrive 
luterolo  eot  directonent  visible.  lour  l'alignoment 
longitudinal,  le  voctour  vito3oe  03t  directenent 
pilote  par  lo  nanche  ; oi  lo  voctour  vitesso  C3t 
au-doosus  du  point  vise,  lo  pilote  pousoe  sur  le 
nnnc'ue  ; o'il  ost  au-deo3ouo  du  point  vioe,  le  pilote 
tire  our  le  nanoho.  Ronarquono  que  la  fonction  de 
transfort  nanche-veotour  viteose  est  pluo  simple  que 
la  fonction  do  tranofert  nanche  a33iette  longitudinals; 
la  reponse  do  l'assiotto  a un  dchelor.  de  nanche 
presente  plus  d'oocillationo  que  la  reponse  du 
vecteur  vito33e. 

Leonnoino,  si  lo  node  d'utilioation  du 
nanche  eot  evident,  il  n'en  n'e3t  pas  de  mfime  pour 
la  nanetto  dcs  gaz.  liouo  avon3  vu  sur  les  figures 
3 et  5 que  lorsque  le  vecteur  Vitesse  est  au-dessus 
du  iiaut  du  T l'angle  d'ip.oidence  est  trop  petit, 
o'ost-u-dire  que  la  v.tesoe  est  trop  grande.  Autre- 
nent  dit  quand  lo  vecteur  viteooe  e3t  au-de33U3  du  T 
le  pilote  doit  rdduirc  la  poussee.  Iiai3  Id  pilote  ne 
coiu'.al t pao  exactor, ont  l'anplitude  neces jaire  de  la 
reduction.  Aur.ci(dc  fa?on  a l'aider(nous  °.d joindrono 
dano  lc  vioeur  un  nouveau  paranltre  generalement 
appele  pente  totale  ou  encore  derives  reduite  de  la 
hauteur  totale. 


Tout  le  monde  oait  que  I'dnergie  d'im  avion 
ayont  une  na3se  n,  volant  a la  vitesse  V,  a l'alti- 
tude  H eot  : 

& = ♦ j vw  ^ 

il  est  commode  d’dorire  : 

E * i 

ou 

UT  . H * 

ou  Hr  est  aopele  hauteur  totale. 

Si  w est  la  ddrivee  en  fonction  du  temps  de  la 
hautour  totale  : 

W , , AH.  , £ ill  . 

At  At  1 <>-fc 
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Puisque 


nous  avons 


At 


>r"-'  y 


w£ 
\r  ' 


•».n  J- 


1 'll 

% At 


l£.  est  la  derives  reduite  de  la  hauteur  totale. 

V 

D’un  autre  c8te  l'equation  de  propulsion  ou 
est  la  conposar.te  de  la  poussee  le  lone  du  vecteur 
vitesse  s'ecrit  i 

•*  £ « p,.  - y- 

Cette  equation  peut  s’ecrire  encore  : 

-d,  * --  ^ . 

La  signification  aes  equations  \l)et(2) est  la  3uivar.te: 

a)  le  psranetre  '*r/v  peut  8tre  pilote  en  agissant  sur 
la  poussde  P : <*/v  augaer.te  lorsq  .e  F autjr.o: . tc 

d ) pour  une  vaieur  donr.ee  de  v/  V » il  y a ur.e  valeur 
v donnee  oar 

•'/V 

pour  laiuelle  1’ acceleration  le  lo  .g  do  la 

trajectoire  est  nulle  (cette  valeur  Y ^ est 
ap  elee  pe  .te  totale) 

c)  W\?out  6tre  directe  out  nerrurc  nar  un  accdero- 
netro  instolle  le  long  du  vecteur  vitesse. 


Flagons,  en  effet,  a o rd  de  1* avion,  ur.  acce— 
leroaetre  schdaatisd  p -r  ur.e  sacse  nsintenue  p-r  un 
ressort.  La  aasoc  Ju.  est  scunise  a son  pci  13  aux 

forces  d'ir.ertio  - p. r’  (ou  f est  l'accdl  iratior.  de 
l'avion)  et  a la  tension  t du  res.. art.  -'avion  .ie 
uasse  n est  sousic  a son  poiis  , aux  forces 
i'iucrtie  - ~ r at  aux  forces  exterieuros  (forces  aro- 
dynasiques  et  forces  de  pronuls.on)  de  resultante  «. 

II  en  reoulte  que  : _ __ 

- . ±n  (t  . 

W* 

L'.ndicntion  »v  foumie  par  l'accoieroutre  est  le 
rapport  dc  la  tension  t a la  to:  s.or.  de  reference  T, 
lorsque  la  nasse  >.  n'est  sounise  ou'a  son  poius  p-'p 

Far  3uute  _ oT 

~“V 

Ji  l'on  orie..te  1’  .cc  -.ron-  tre  parall  ieutnt  au 
Vecteur  vitesse  ( t* parall  le  a v ),  o.  air.si  r.csnre 
est  aiors  e,‘al  a ( - \ x ti*'  C.  )/ 

e'est-u-dire  ■*/  V d'apr  s (2). 


. . o us  3tqfaano..s  que  sous  savor.s  connect  securer 
xT  (nous  vo irons  ceci  ulus  loir.);  a c.uquc  v:lo.ir  ce 

correspond  un  angle  pour  loouel  I'accclerat  or. 
••ot/.vk  le  long  jo  la  tr . .to.ro  est  nulle.  Ainoi  pour 
c..aque  valeur  nosureo  io  «*/V  , un  index  dans  le 

viseur  i.iiiquora  la  vdeur  c ,rros;.onda..tc  > y-  ; ceci 
si.-yiifio  quo  la  dia'.u.ce  a^p.laire  outre  cct  index  et 
l'norison  est  ugulo  a Yv  • Li  nainte.  a.t  le  vootrur 
vitesse  est  au  niveau  a cot  i..dex  ceci  signifie  que 
l'angle  de  • .or: toe  est  juste  cgal  a Yr  , autrctjor.t  -.it 
que  l'ucc  -lurut.on  le  lo.g  dc  la  traject :ir"  est  nolle 
et  er.  consequence,  que  la  vrt03se  est  constantc.  Ji  le 
vectour  vitesse  est  so  n l'index,  1' acceleration  est 
positive  ; si  le  vecteur  vite33e  est  au-dossus  de 
l'index,  l'acceleration  os:  negative. 


D'ur.  autre  c6te,  si  le  pilote  augments  ou  reduii 
la  poussde,  il  verra  l'index  nonter  ou  dcseer.dre  dans 
le  viseur. 


tante,  quel  sue  soit  l'angle  de  montee  (ou  1 ' angle  de 
descenie)  dans  la  nesure  ou  il  peut  augaenter  ou 
rdduire  sufi'isaonent  la  poussde,  pourvu  qu'il  position- 
ne  l'index  au  a6ao  .niveau  quo  le  vecteur  vitesse. 

Ainsi,  revenant  a l'exonple  donnd  sur  la  figure 
5,  le  pilote  reduira  la  poussee  en  plaqant  l'index 
par  exeaple  2 degree  au-dossous  du  vecteur  vitesse  ; 
sacnant  que  1 degre  correspond  a une  acceleration 
(au  a une  deceleration)  de  1 noeud  en  3 secondes, 
l'angle  correct  a'iacidence  (et  la  vitesse  correcte) 
sera  atteint  en  9 seconde3.  A ce  isorent,  le  pilote 
reajustera  la  position  de  la  nanotte  ie  fa?on  a placer 
l'index  au  r.8:-.e  niveau  quo  le  vecte-  r vitesse,  e'est- 
a-dire  h 2,5  degres  au-decsous  de  1' horizon  ; les 
figures  8 et  9 douient  les  positions  oorrectes  de 
l'index  corre3pon<iant  au  cas  donne  figures  5 et  6. 


Fig.  8 • Co/Lmoreu.  de  pilotage.  Position  du  symbole  de  pente  totale 
po ureHectuer  la  correction  d*incidence  dans  k cas  decrit 
figure  5.  L*incidence  correcte  sera  ottemte  en  9 secondes. 


1 


Fig.  9 Colhmateur  de  pilotage.  Position  du  symbole  de  pente  totale 
pour  maintenir  la  vitesse  let  /'  incidence i cons fonfe  au  cours 
de  I'approcbe  (cas  de  la  figure  61. 

ft  main tenant,  connect  B03urer  l'angle 
d' incidence  et  la  pente  totale. 

La  plu  art  dec  sondes  utili3oes  sur  les 
avions  con.  ercintx  noderries  pour  la  secure  de  1'a.:  1c 
d'i.icidonco,  fo  missent  un  signal  dlectrique  suffi- 
3asnen^  orocis  pour  piloter  lo  soot  du  viseur  tfite 
haute.  Il  est  nocessaire  se.lenent  de  filtrer  les 
nautos  frequences  iu  signal  ilectrique  de  fa?on  a 
e vitcr  i'avoir  un  point  tro?  "secoue'1. 


Ainsi,  le  pilote  peut  a jus ter  la  poussee  a 
ciiaque  instant  do  fagon  a sain  tor.  is  la  vitesse  cor.3- 


i’our  nmsu.'er  la  pent e totale,  ieur.  solutions 
sou.  po.  sieles  : 


is-i: 


1°)  lor  l'accdl-Aatio . 1.  io..  - • v.ctc  r vitosso 

connaissaiit  1 'angle  « ' : cidonca  ct  los  :.cc  lJra- 
tions  js  ct  ,;s  tsesur-'-cs  ,nx  dr.iuc  acc<il 'rombtrca 
fixes  cur  lc  a at '-me  d 1 axe  av.on. 

2$  Pile  ter  ar  1 ’angle  i'lncidonce  l'exe  lo  i'-.cc'l'- 
ron  tre,  I ii-j.8  .e,  dc  fa?on  u le  .to-.iv  _r  ill  - - 
lc  au  vcctcur  Vitesse. 

legardona, naintensnt,  ca-mc.  cc  ositif, 
ainsi  defiri  poor  r .or.'lrc  a x pro'-l’ -.ec  do  , .-cc 
finale  et  de  1*  attends  -.  pout  8tr  t li: 
decolla  e. 

Au  15c  .cr  .cc  freics,  lc  iloe  o .■  voir 
ira&iiav.-.  .::i  1-.  val-:  a 1'acccl 'vat:  i.:  i lc, 

jr*cc  a l'i  .ideation  dc  pcr.te  totalc.  Cr,  t IV.cc' 

1 dration  di3po:.ible  :::i  cot  c:.  relation  ' ct  _v  c 
la  lo.vucur  c docoll.c  . lur.  que  la  o :::c  ! ••oteur 
i iiqi  'o  par  lo.-  instrua  its  io  -rl.  Ainni,  I'indica- 
tour  ;ie  pcr.te  totalc  cot  l’l.str,.  or.t  lc  tic  i ad:,  t' 
pour  aider  lo  pilote  It  decider  la  pour:  .to  tu  .'col- 
lage. Iroic  reuarcuos  doiv  il  t.t.o- ..  c ..  liter  c t- 
to  affir  .atior.  : 

a)  Au  norent  du  Iftc  or  dor  frci:.s,  la  vi  .esse  a rc:  r.  - 
niaue  est  trop  fai  lo  . am  que  1 . nea  re  l’i:  c 

ce  soit  possible,  que  cc  cot  . par  une  p.rouotte  ou  aar 
1 'intermedia! re  d'une  cesure  ie  pros  ii.  :if.  ire  tiei- 
lo.  Or,  pendant  lo  rouleucnt  au  col,  l'ir.cidcr.ce  est 
0 ;alc  L 1'a  siette  puisque  In  pcr.te  dc  la  tr  .^ect  ire 
set  ..ulle  ; air.3i  tant  q-  e 1*  avion  a los  roues  au  scl 

{o':  Jus  .v.'b  co  q ; 1 i 1 at:  att t tt.o  v t . . c ••  t'lisante 

pour  aue  la  nocurv  d’t  .c-dv  .co  ooi:  possible),  lo 
sicr.il  d’i  .c.der.cc  envoyc  au  calculate  !:'  it-  er.te 
totale  doit  6txv  .-emplace  par  ur.  sigr.tl  ;':  nsiette 
longitudi  rale. 

b)  L'i:.formatio:i  de  pcr.te  totale,  durant  I'accll 'ra- 
tion au  30l,  nc  pout  itre  foimie  par  la  oooitio:.  e 
l't.-.dc-x  dans  le  vioetr  t8te  mute,  oaree  quo  la  pente 
totalc  est  tror.  grande.  dr.  effet,  le  rapport  poussee 
sur  poids  vario  de  0,1  (tr_. sports  3ubsonioues)  ii  C,4 
(transports  supersoniques)  et  dopacse  1 trgoment  cotte 
Vale'ur  pour  lee  ci-asse-rs.  Cr,  a r'/ng  = 0,2  corrector. . 
tin  \r  do  11°5  et  a i’/ng  = Cf4  tin  -y  r de  2j>°j  ; le 
champ  vertical  du  viseur  n'est  e..  general  pas  issez 
haut  au-doc-us  do  1' horizon  pour  pouvoir  afficrer  une 
telle  valeur. 

L'infomation  de  pente  totale  au  dbcolla. -e 
toit  done  8 tre  fo-umie  au  tableau  ue  . ort  ct  nor.  dnr.8 
le  viseur. 

c)  ^'acceleration  di3por.iblo  dininuant  nomalcmeni  avee 
la  vitoose,  le  contrOle  du  ddcollage  doit  so  faire  on 
verifiar.t  que  la  e..te  totale  e3t  tou jours  superioure 

a ur.e  valeur  Unite  for.ction  di-croissan'e  de  la  Vitesse 
Cette  fonction  linite  peut  8tre  calculee  pour  chaque 
distance  de  do-collage  disponible,  et  ur.  caleulateur, 
coaparant  la  pente  totale  disponible  a cette  valeur 
linite,  peut  alors  envoyer  au  pilote  uno  indication 

»pnii  w* »n  rnw 

Par  aillour3,  apre3  le  decollage,  le  pilote 
peut  suivre  une  procedure  ar.ti  Droit  en  respectar.t 
toutos  les  regies  de  aleurite,  puisqu'il  co.'inalt 
1 ’ angle  de  montee  et  exactenent  la  poussee  ninimale 
necessaire  pour  nair.tonir  la  Vitesse  constante  dans 
ces  conditions,  or.  outre,  en  cas  de  panne  note ur,  le 
pilote  peut  ajuster  1’ angle  ninirun  de  montee  de  fason 
a e vt. ter  les  obstacles  connaissar.t  exactonent  la  veri- 
table narge  disponible  de  poussee. 

Enfi.n,  le  syotbme  dc  viseur  tfite  mute,  tel 
que  nous  l’avons  deorit,  ci-des3us,  e3t-il  utilisable 
en  cas  d'approche  automatique  ? 

Actuellcnent,  la  fiabilitc  des  systenes 
d'approche  autonatique  est  insuffisante,  pour  que  l'on 
puisse  accepter  l'atterrissage  sans  surveillance  du 
pilote  et  renise  des  gaz  de  la  part  de  ce  dernier  en 


o s u'-iiurie  si  iaia.it  la  unnr.o . in  efi'et,  la 

f.  .bii.i  tv  do  c.  c s.  st  ::os  ost  tollc  quo  In  nrob.-.bilitd 

p io  : .oio  ost  dc  l’orilri.  de  1 par  atterrl snare. 

r,  u.  .iio  o c.Tcctue  au  co  ra  de  an  cirri  • ro  environ 
U.  ittorr-sonycs.  b.  pro  abilito  :*  pour  ccl'ui-ci 
do  c . iror  n :.oi:.b  uno  fois  la  pa.io  n coirs  de 
sr.  cam  • s:  i = 1 - > 1 - p)  oil  n ost  lo  sombre 

■i’atterris  .go  soit  .our  n = 10  000  P = 0,00995  ; 
statist i mouent,  un  pilote  sur  cent,  seulement,  observora 
au  noins  une  iois  1 panne  au  cours  de  toute  sa  carriere.* 
La  pro'oaoilitii  pour  nu’il  rencontre  la  panne  au  cours 
de  ses  nille  premiers  atterriss  est  de  0,001  ; 
statistiquenent,  un  pilote  sur  nille  ronoontrera  lu^ 
panne  au  cours  de  ses  sille  premiers  atterrissages. 
Autrer.cnt  dit,  la  probability  do  ,;:mne  est  suffisau- 
nent  faiblc  pour  que  los  pilotes  :j.ent  le  sentiment 
cue  la  panne  est  tree  rare  et  que  "cela  n’ arrive 
qu'aux  autres".  Par  contre,  un  avion  effectuo  environ 
10  000  atterrissages,  ce  qui  ropriser.te  une  probability 
de  0,00995  de  voir  survenir  la  panne  au  cours  de  la  vie 
totale  de  l'avion.  3’il  y a 1 000  avion3  d quip vs  du 
systoce,  or.  a une  chance  sur  d-ux,  de  voir  survenir 
la  panne  sur  plus  de  10  avions  de  la  flotte  et  une 
chance  sur  cent,  de  voir  surzenir  la  panne  sur  plus 
de  '7  avions.  ieci  signifie,  en  pratique,  que  l'on 
verra  3&renent  survenir  la  panne  sur  une  dcuzaine 
d'avions  environ.  Or.  ne  peut  done  accepter  de  sc 
reposer  unicuement  sur  le  systene  d'atterriosage 
autonatique  pour  assurer  la  sveurite  de  la  phase 
finale  du  vol  et  l'on  est  oblige  de  faire  appel  au 
. ilote  pour  decolor  "a  temps"  une  panne  du  3y stone 
et  roaettre  le.  gaz.  Or,  le  pilote  n'est  pa3  prfit 
psycholo  i uenent  a attenare  la  panne,  puisqu'il 
n'y  croit  pas  1 

Ji  le  pilote  ispose  des  instruments  clas- 
siques,  dont  1 ' interpretation  der.ande  ur.  effort  mental 
rolativoment  important,  et  un  systeae  d'alaroe  ddt oc- 
tant un  mauvais  fonctionr.eaent  du  systene  d'approche, 
tout  porte  a croire  cue  le  . ilote  ne  r dagira  que  tar- 
aivement  au  aijial  d'  .laroe,  parce  cue,  3eule  1' analyse 
oomplicuee  de  la  situation  lui  aurait  permis  de  doce- 
ler,  gr*ce  a des  incoherences  entre  ;iivers  paranetres, 

1' imminence  au  si.pial  de  panne.  Or  r.e  croyant  plus  a 
la  panne,  apres  tant  d' atterrissages  sans  incidents, 
le  pilote  n'est  pas  prepare  a faire  un  effort  conp.licue 
d' analyse,  inutile  a son  avis. 

Par  contre,  la  presentation  des  informations 
cue  nous  proposons  dans  le  viseur  tfite  haute,  rend 
1' interpretation  de  la  situation  tres  aisve  ot  pormet 
de  faire  de  la  provision  a court  terme,  rendant  inutilo 
une  attention  soutenue  de  surveillance  de  l'alnrne  ; 
si,  en  effet,  le  vecteur  Vitesse  est  3ur  le  point 
decire  du  seuil  de  piste,  si  les  ailes  sont  horizon- 
tales  et  si  l'incidenoe  est  a la  valeur  recomaancee 
pour  l'approohe,  le  pilote  salt  au'il  a plusieurs 
seoondes  devant  lui  pour  reagir  si  la  panre  surviont, 
oar  la  situation  ne  peut  se  qvteriorer  tres  rapid eaont. 

Par  ailleurs,  loo  informations  procuroes  par  le  viseuv 
sont  plus  "ir.terossantcs"  que  oelles  foumies  par 
plus.ours  instruments  ne  foumissant  que  d.es  granaeur: 
numdriques.  Le  pilote  peut  suivre  la  progression  de 
son  avion  en  aporocne  en  observant  l'agrandissoment 
de  la  piste  s;-nthdtique  et  en  guettant  l'apparition 
de  la  piste  reelle  "derriere"  oette  piste  s^thitique, 
alors  qu'il  n'est  gubre  "passionnant"  de  constater 
que  los  deux  aiguilles  de  l'ILd  sont  oon3taament 
croisees  au  centre  du  cauran. 

bier,  enter.du,  cette  surveillance  du  systene 
d'approche  autonatique  par  le  viseur  tfite  haute  neceo- 


* La  probability  pour  qu'aucun  pilote  d'un  group*  de 
10  ne  rencontre  la  panne  est  {1  - p)l 0 soit  0,9. 
Par  contre,  la  probability  pour  qu'aucun  pilote 
d'un  groepe  de  100  ne  rencontre  la  panne  eat 
(l  - p)11®  soit  0,37  et  pour  un  group*  de  1 000 
cette  probability  tomb#  a 4,5.10-5  . 

**  La  probability  pour  qu'aucun  pilote  sur  1 000  ne 
rencontre  la  panne  *3t  de  0,37. 
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site  que  les  informations  foumies  par  le  viseur 
aient  une  origins  diffArente  de  celles  utilisees  pour 
le  guidage. 

II  peut  *tre  egalenent  utile  d'enyoyer  dans 
le  viseur  des  informations  de  position  de  l'avion, 
independantes  du  aystene  de  guidage,  peroettant  de 
bitir  une  partie  de  la  piste  synthAtique  et  des  in- 
formations de  position  provcnant  du  systems  de  gui- 
dage, lui-ofcne,  pour  bfttir  le  reste  de  la  piste 
synthAtique?  Far  contre,  les  deux  cOtes  et  le  aeuil 
de  sortie  de  piste  sont  foumis  par  le  syatene  de 
guidage,  le  seuil  de  piste  et  l'axe  sont  foumis  par 
le  systems  du  viseur.  Une  discordance  entre  les  deux 
systemes  ne  peut  pas  passer  inaperjue  du  pilote  et 
doit  inciter  a mettre  les  gaz  au  maximum  tout  en 
p la cant  prudemment  le  vecteur  Vitesse  au-dessus  de 
1' horizon,  et  au-dessous  de  la  pente  to tale. 

Par  allleurs,  le  pilote  ayant  volontiers 
l'oeil  fixe  sur  le  viseur  pour  surreiller  l'horizon, 
la  piste,  le  vecteur  vitesse,  toute  alarme,  due  a la 
detection  d'une  panne  du  pilote  autooatique,  peut 
•tre  signal ee  par  le  cligiotenent  de  l'un  de  ces 
symboles  (la  suppression  temporaire  d'une  indication 
uti  e est  plus  sftrecent  dAtectAe  que  l'apparition 
d'ur.  signal  supplemental  re,  visual  ou  son  ore,  nfce 
tree  intense). 

On  voit  done  que  1' analyse  du  pilotage  en 
approche  autooatique,  permet  de  conclure  aux  avan- 
tages  du  viseur  tAte  haute  pour  la  surveillance 
active  du  systene. 

Avant  de  conclure,  de  quelle  experience 
de  ce  nouveau  zyatlme  de  presentation  dee  informa- 
tions disposons— nous  ? 

Les  eeeais  de  cee  sys times  eont  eeeentiellement  de 

troie  types  different*  t 

1 ) dee  eeaaie  au  eimulateur  portant  sur  le  ays time 
le  plus  cemplet  (vecteur  vitesse,  pente  totals, 
horison  artlflciel,  plate  synthAtique,  re pi re  de 
pente  l 6*,  cape  repArAe  aur  1* horizon)  type 
TC  123  permettant  d'Atudier  las  a vantages  et  lee  in 
convlnlents  du  dispositif  dans  le  cas  d'approche 
type  STOL  l forte  pente. 

Une  centaine  d'atterrieeagee  ont  ltd  ef- 
fectual dans  cee  conditions  et  ont  abouti  aux  concl 
alone  suivantee  t 

a)  11  est  indispensable  de  disposer  dans  1*  viseur 
d'un  champ  latAral  suffiaaament  grand  pour  ne  pas 
perdre  trop  facilement  la  plate  de  vue  lore  d* Evo- 
lutions fscs  l celle-ci.  L'idAal  ssrait  blen  enten- 
du  d*  pouvoir  apsrcevolr  Is  plats  sux  gissmsnts  90 
st  270  c'est-l-dlr*  latAralenent  comma  en  vol  A 
vue.  Seulls  dee  expAriences  coaplAmentairea  permet- 
tront  de  prdelaer  le  champ  latAral  minimal  accepta- 
ble (ahr ament  supArieur  l celui  foumi  par  les  dis- 
posltifa  actuals  qui  sont  suraJoutAs  l une  cabins 
exlatante  alora  qua  esa  disposltlfs  devront  Itre 
deseinds  comma  parties  intdgrantes  des  cabines  au 
moment  de  lour  conception). 

b)  le  viseur  tdte  haute  avee  vecteur  vitesse  et  pen- 
te potentielle  supprlme  les  difficultde  de  pilotage 
au  second  rdgla*.  Cette  conclusion  ndesasit*  une 
explication  ddtsilld*. 

■n  pilotage  aux  instruments  clasaiques  le 
probllms  du  pilotage  au  second  rdgiae  est  reaolu 
par  la  rlgle  suivante  i 

- la  viteeae  est  maintenve  constants  l la  valour 
reeoamandde  ( "\Tfc  en  gdndral)  per 


* Far  example,  les  deux  c0te3  et  le  seuil  de  sortie 
de  piste  sont  foumis  par  le  systlme  de  guidage, 
le  seuil  da  piste  et  l'axe  sont  foumis  par  le 

systlme  dn  viseur. 


action  aur  It  nanche  t rj.  la  vitesse  est  trop  gran- 
de le  pilote  'tire*  au*.  le  aanche. 

- la  pente  est  pilotd*  d*  faqon  l aalntenir  l'avion 
sur  la  trajectoire  HJ  par  action  aur  la  manstt* 
dea  gas  (une  diminution  de  pente  de  descents 
a'obtient  par  augnentation  de  la  pouaaAe^ 

Un  tel  node  de  pilotage  l l'intdrdt  d'Stre 
"stable"  nine  au  second  rdgime  mcis  il  a 1 ' inconve- 
nient de  condulre  l des  corrections  trie  lentes  de 
trajectolres.  La  viteaae  eat  trls  bien  "•<*>tenue  naia 
la  recherche  du  bon  rAgine  soteur  est  lente  et  faati- 
dieuae  (surtout  si  les  gradients  de  ven^  nAeaasitent 
des  changeaenta  de  regime  au  cours  de  la  descents, 
principalement  au  voisinage  du  eol} 

Le  pilote  a done  tendance  l utiliser  1*' 
sods  de  pilotage  inverse  l teape  de  rAponae  beaucoup 
plus  court  aaia  instable  au  second  rAgine  t piloter 
la  pente  au  nanche  et  naintenir  la  vitesse  d'appro- 
che l la  nanette  des  gaz.  On  salt  que  ce  mode  de  pi- 
lotage eat  inatable  si  l'on  cherche  l suivre  une 
trajectoire  imposAe  ; une  action  l cabrer  sur  le 
mancha  conduit  l une  augnentation  d' incidence  ce  qui 
ins tantanlaen . dlainue  la  pente  de  descents,  male 
conduit,  ei  l'on  ne  touche  pea  aux  gaz,  l une  pente 
de  descents  stabilises  plus  forte  (augnentation  de 
trainee  au  second  rAgine  pour  une  diminution  de  Vi- 
tesse). 

Ce  dernier  sods  de  pilotage,  trls  rapids 
(lea  variations  de  pente  sont  quasi  ins tentacles) 
n'eat  instable  que  si  l'on  ne  corrige  pas  l'augsen- 
tation  de  trainee,  due  l 1’ augnentation  d* Incidence, 
par  une  augnentation  de  pousaAs. 

Avec  les  instruments  clnseiques  le  pilo- 
te ne  connait  pas  la  pouaeAe  adequate  A afficher  st 
tout*  srreur  conduit  A une  nccAlAration  ou  A une  dA- 
cAlAration  qui  ne  ceasent  de  crottre  avec  l'Acart  de 
vitesse  (d'ou  1' inatabilitA  dite  de  propulsion). 


Le  premier  avion  a permis  de  nontrer  la  pos- 
sibility d'effectuer  dea  atterriesagea  conplets,  avec 
roulenent,  en  pilotage  sous  capote.  C'est  A notre  con- 
naiasance,  le  seul  dispositif  ayant  permis  d'effectuer 
de  faqon  a Ore  le  pilotage  aveugle  de  l'avion,  en  rou- 
lenent aprAa  1' impact,  Jusqu'A  1'arrAt  sur  la  plate. 


Lee  esaais  aur  le  Hord  260  (atterriesage  A 
vue  aaalstAs  par  le  collimateur)  ont  permis  de  veri- 
fier que  le  presence  de  symboles  en  position  tlte  haute 
ne  "polariseient"  pas  lee  pilotes  au  point  de  dlainue r 
leur  perception  du  nonde  extArieur.  A cat  effet  des 
atatistiquss  de  position  du  point  d ' impact  par  rapport 
A une  bands  natlrlalisAe  sur  la  plate  ont  AtA  relevAes. 
Tent  que  la  bands  viaAe  est  loin  du  aeuil  rAel  de  la 
piste  la  repartition  dee  impacts  est  sansiblement 
gaussienne  autour  du  point  viaA.  Far  contre  lorsque  la 
bands  visAe  est  trie  prAs  du  seuil,  la  repartition  des 
impacts,  toujours  gaussienne  est  netteaent  dAcalAe 
"long",  ce  qui  prouve  sane  aabiguitA  que  loraque  les 
pilotes  sont  "aotivAs"  (icl  pour  Aviter  de  "toucher 
a/ant  la  hands"),  lie  perqoivent  nettement  le  nonde  extA- 
rieur "derrlAre"  le  colliaateur. 


31  le  pilote  dispose  du  viseur  tlte  haute, 
11  peut  agir  direc tenant  sur  Is  vecteur  vitesse  pour 
- modifier  la  trajectoire  (action  aur  la  pente  par  le 
nanche)  tout  en  affichant,  grAce  A la  pente  totals, 
la  bonne  pouseAe  Aqullibrant  A tout  instant  la  trai- 
nAe  ; le  problAae  d'inatabilitA  de  propulsion  au 
second  rAcis-  dieparait  done. 

2)  des  essals  sur  aviona  bancs  d' eeaaie  comne  le 
lord  2 6?  expAi  imental  de  l'Ecole  Nationals  SupArieure 
de  l'AAronautl  ;ue  et  de  l'Bspace  (AquipA  d'un  colli- 
mnteur  TC  121  tvec  vecteur  vitesse,  horizon,  piste 
synthAtique,  pente  potentielle  et  d'un  collimateur 
CT  91  pour  approche  A vue  avec  un  vecteur  viteaae 
simple)  ou  comma  un  Hord  260  AquipA  de  2 colllnateurs 
CT  91. 


3)  das  essais  sur  avions  da  ligne  ou  avions  d'arme.  Dea 
collimateura  d'approche  k vue  du  typa  CY  91  ont  ete 
montes  aur  lea  Mirage*  FI , but  quelquea  Etendard  Karina, 
sur  un  DC  8 da  l'UTA  at  aur  un  747  d'Air  franca, 

II  aat  plus  difficile  de  faire  part  de  rdaul- 
tata  pour  ca  type  d'experience,  qui  avait  pour  rflle 
aaaentiel  de  faire  connaitre  le  systfeme  plutftt  que  de 
fournir  dea  conclusions. 

On  peut  ndanmoina  retenir  une  tree  bonne 
acceptation  du  systfeme,  qui  conduit,  rappelons  le,  k une 
modification  radicals  du  mode  de  pilotage.  Cette  aceepta 
tion  eat  particulierement  large  pour  lea  categories  de 
pilotea  lea  plus  motives  c'est-u-dire  lea  marina  qui 
conatatent  une  simplification  non  ndgligeable  des  manoeu 
vres  d'apontage,  et  lea  pilotes  de  la  compagnie  UTA  qui 
doivent  se  poser  tous  les  jours  sur  des  pistes  courtes, 
mal  degagees  et  non  dquipees  de  syrt&me  ILS. 

Ainsi  le  collimateur  tSte  haute,  con;u  initia 
lament  a la  suite  de  considerations  purement  thdoriques 
sur  l'ergonomie  dea  postes  de  pilotage,  a deja  fait  sea 
preuves  experimen tales.  II  ne  remplacera  toutefois  une 
partie  du  tableau  de  bord  clacsique,  que  dans  la  meaure 
ou  il  sera  integre  dans  les  cabines  des  avions  futurs 
au  stade  mSme  de  la  conception.  Cette  dtape  finale  ne 
sera  atteinte  que  si  quelques  avions  experimental  ddri- 
vds  d’svions  modemes,  sont  "redessines"  avec  ce  systeme 
entre  autre  (en  particulier  tous  les  syetemes  CCV)  et 
essayes  ainsi  par  les  Services  Officials  (certification) 
les  Cons true teurs,  l'Armde  de  l'Air,  la  Marine  et  les 
Compagnies  Adriennes. 
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SUMMARY 


1 


I 


The  Canadian  Government's  decision  to  Introduce  a STOL  demonstration  service  revealed  a need 
for  practical  data  and  flight  experience  to  assist  in  aircraft  approval  and  development  of  safe 
operational  procedures. 

From  1971  to  1973,  a series  of  flight  tests  concerned  with  the  steep  approach  and  landing  task 
were  carried  out,  initially  in  a DHC-6-100  Twin  Otter  and  later  in  a DHC-6-300S.  Approach  angles  of 
6°,  7°,  and  8°  were  assessed  in  terms  of  pilot  work  load  and  aircraft  touchdown  and  landing  distances. 
Other  relevant  factors  peculiar  to  the  steep  approach  and  landing  task  were  investigated  including 
transition  from  en-route  guidance  to  approach  guidance,  crew  co-ordination,  night  operation,  missed 
approach  and  engine  out  missed  approach,  and  approach  turbulence  and  wind  shear.  Community  noise 
sensitivity  was  closely  monitored.  The  flight  test  programme  resulted  in  some  modifications  to  the 
production  aircraft,  the  development  of  approach  and  landing  operating  procedures  and  the  definition 
of  some  potential  problem  areas. 

DESCRIPTION  OF  STOL  SYSTEM 


Aircraft 


In  the  planned  STOL  system  we  will  have  six  DHC-6-300S  Twin  Otters  operated  from  STOLports 
at  Ottawa  and  Montreal  by  Air  Transit,  an  Air  Canada  subsidiary.  The  DHC-6- 300S  is  a basic  Series 
300  Twin  Otter  with  a number  of  modifications  to  enhance  its  performance  and  handling  in  the  STOL 
system.  Some  of  these  modifications  will  be  discussed  later  in  this  paper. 

Electronic  Systems 

Litton  101M  Area  Navigation  (R-NAV)  equipment  will  be  used  for  en-route  3 dimensional  guidance, 
and  the  CO-SCAN  scanning  beam  microwave  landing  system  (MLS)  will  be  used  for  precision  steep  approach 
guidance.  Each  aircraft  will  be  equipped  with  an  Airborne  Data  Acquisition  System  (ADAS)  to  gather 
operational  data  to  aid  in  the  development  of  future  STOL  regulations  and  standards. 

The  Litton  101M  R-NAV  equipment  is  programmed  normally  by  a card  reader  but  it  also  has  a 
capability  of  reversion  to  manual  inflight  programming.  Discrete  STOL  routings  are  stored  on  computer 
cards  which  are  selected  by  the  pilot  prior  to  take-off.  Information  on  the  cards  includes  Standard 
Instrument  Departure  (SID),  en-route  airways,  Standard  Terminal  Arrival  Route  (STAR),  and  missed 
approach.  The  Litton  101M  uses  DME/DME  (rho/rho)  as  a primary  operating  mode,  with  DME/VOR  (rho/theta) 
as  a back-up  mode.  R-NAV  approach  guidance  is  programmed  to  coincide  with  the  MLS  approach  path,  so 
the  pilot  has  the  redundancy  of  two  separate  guidance  systems  on  final  approach.  This  R-NAV  equip- 
ment provides  the  advantages  of: 

(a)  direct  routing 

(b)  minimum  cockpit  workload 

(c)  minimum  Air  Traffic  Control  (ATC)  input. 

Since  the  MLS  localizer  and  glide  path  are  co-located,  the  ground  installation  must  be  located 
at  the  side  of  the  runway  (for  glide  path  considerations)  with  an  offset  approach  course.  At  our 
STOLports,  the  MLS  installation  is  located  on  the  right  side  of  the  runway,  80  feet  from  the  threshold, 
with  the  localizer  on-course  offset  3°  to  the  left.  The  Glide  Path  Intercept  (GPI)  is  125  feet  from  the 
threshold  with  a 6°  glide  path  angle. 

The  ADAS  will  record  over  40  parameters  on  tape  to  be  processed  by  a dedicated  ground  computer. 
This  data  will  be  used  to  assess  items  such  as  aircraft  performance,  pilot  workload,  R-NAV  and  MLS 
performance,  effect  of  turbulence,  etc.  It  is  anticipated  that  it  will  provide  a useful  fund  of 
knowledge  for  future  STOL  development, 

STOLport 


Figure  1 shows  our  STOLport  lay-out.  Two  of  these  sites  are  now  completed  and  are  in 
operation  at  Victoria  Park  (about  5 minutes  from  downtown  Montreal)  and  at  Rockcliffe  (near  Ottawa). 

Figure  2 shows  the  present  STOLport  runway  lighting.  The  major  differences  from  conventional 
airport  lighting  are: 


i1)-: 


(a)  floodlighting  of  the  touchdown  zone. 

(b)  runway  lights  at  50  foot  intervals  for  the  first 
and  the  last  500  feet. 

(c)  white  strobe  lights  to  mark  the  threshold 

(d)  alternate  red  runway  lights  for  the  lust  500  feet. 

(e)  no  approach  lights. 

Figure  3 shows  the  layout,  including  target  touchdown  zones,  of  the  STOI.  runway.  The  runway 
is  2000  feet  long  by  100  feet  wide,  with  a stopway/clearway  distance  of  400  feet  at  each  end, 

FLIGHT  TEST  PROGRAMME 


Instrumentation 


In  1971  we  initiated  a flight  test  investigation  of  the  various  aspects  of  steep  approaches 

into  a STOLport.  We  concentrated  on  the  approach  and  landing,  as  the  take-off  in  the  Twin  Otter  is 

the  sane  for  both  STOLport  and  conventional  airport  operations.  Prior  to  the  start  of  this  project,  the 
Ministry  of  Transport  was  not  equipped  or  organized  to  undertake  flight  research  investigations  of  this 
nature.  Accordingly  we  had  a problem  in  acquiring  adequate  instrumentation  and  we  had  to  make  the  best  of 
the  very  limited  resources  which  could  be  gathered  together  quickly. 

For  example,  we  manually  recorded  approach  path  deviation  (in  terms  of  dots)  at  the  Decision 
Height,  and  airspeed  and  radio  altimeter  altitude  at  the  runway  threshold.  We  wanted  to  record  the 
point  on  the  runway  at  which  the  aircraft  first  touched  down.  This  we  did  with  a very  simple  system 
which  worked  very  reliably  and  with  surprising  accuracy.  A polaroid  land  camera  was  installed  at  a 
window  on  the  right  side  of  the  aircraft,  above  the  main  wheel  axle  and  at  90°  to  the  fore  and  aft  axis 

of  the  aircraft.  Runway  distances  markers  we-  surveyed  in  at  20  foot  intervals  along  the  right  side  of 

the  runway.  On  the  DHC-6-100  we  used  weight  switches  on  the  undercarriage  to  fire  the  camera  on 
touchdown,  and  on  the  follow-up  tests  on  the  production  300S  model  we  used  the  right  wheel  spin-up 
generator  signal  sent  to  the  ground  spoilers.  Using  a ground  calibration,  we  were  able  to  find  the 
point  on  the  polaroid  print  exactly  abeam  the  main  wheel  axle,  at  75  feet  away  (the  distance  from  the 
runway  centre-line  to  our  distance  markers).  To  allow  for  crosswind  on  touchdown,  a correction  of  one 
foot  per  degree  of  crab  angle  was  made. 

This  very  simple  installation  was  operated  with  great  reliability  by  a single  observer,  who  also 
read  the  polaroid  print  and  recorded  the  data  between  landings.  Thus  we  had  instant  re-play,  and 
avoided  the  misery  of  undetected  instrumentation  failures  spoiling  a day's  results.  The  only  problems 
we  had  were  one  or  two  polaroid  film  Jams.  The  system  worked  very  well  and  gave  good  accurate  data  for 
our  purposes. 

The  distance  to  the  full  stop  was  recorded  visually  by  a sightline  to  the  runway  distance 
markers.  We  felt  that  the  accuracy  of  a simple  sightline  was  adequate. 

We  had  no  way  to  photographically  record  night  touchdown  distances,  so  these  were  estimated 
by  two  observers  in  the  cabin  using  the  runway  distance  markers  for  reference.  Their  observations  of 
touchdown  point  were  in  close  agreement  and  we  believe  that  the  maximum  error  was  in  the  order  of  _+  5 
feet. 


Another  problem  area  assessed  with  the  instruments  already  available  was  that  of  the  along 
track  wind  shear  component  on  final  approach.  This  was  recognized  through  the  appearance  of  sudden 
airspeed  changes  or  approach  path  deviations.  The  pilots  made  an  assessment  of  the  degree  of  the  wind 
shear  effect  using  a simple  scale  of  1 to  4 based  on  the  magnitude  of  the  airspeed  change. 

We  operated  a small  weather  station  which  gave  runway  wind  velocity  at  30  feet.  Weather 
balloons  were  used  to  measure  winds  aloft  at  400  foot  intervals  up  to  2000  feet  above  ground.  We  did  not 
attempt  to  correct  landing  distances  to  zero  wind  conditions,  but  rather  recorded  the  landing  performance 
obtained  with  the  existing  known  wind  conditions. 

I would  like  to  add  that  this  was  a case  of  using  very  simple  methods  to  obtain  data,  at 
minimum  cost  and  in  minimum  time.  Our  intention  was  to  gather  data  under  known  operational  conditions, 
accepting  the  weather  as  it  came,  and  to  put  together  all  these  variable  conditions  of  weather,  pilots, 
braking  conditions,  etcetera.  The  net  result  would  thus  be  representative  of  what  might  be  achieved  in 
the  real  world  of  aircraft  operations. 


Test  Aircraft 


In  our  initial  series  of  tests  conducted  at  Rockcliffe  airport  in  1971,  we  used  a Series  100 
Twin  Otter.  In  1973,  when  a production  Series  300S  Twin  Otter  became  available  we  conducted  a second 
test  programme  to  compare  results  with  our  Series  100  tests. 


Some  of  the  pertinent  data  on 


Max  Engine  S.H.R. 
Max  Weight 
Power  Loading 
Wing  Loading 
Aspect  Ratio 
CL  Max 


the  Series  100  and  Series 
DHC-6-100 
550 

11579  lbs 
10.5  lbs/hp 
27.6  psf 
10.0 
2.6 


300S  Twin  Otter  are  as  follows: 
DHC-6-300S 
620 

12,500  lbs 
10.1  lbs/hp 
29.8  psf 
10.0 
2.6 


19-3 


Pilots 

For  the  DHC-6-100  tests,  the  subject  pilots  Included  6 experienced  operational  pilots,  (not  on 
the  DIIC-6)  and  two  test  pilots.  The  second  set  of  tests  using  the  Series  300S  Twin  Otter  were  done  with 
3 Air  Transit  pilots  (some  DHC-6  experience)  and  one  teat  pilot. 

The  pilot  briefing  for  all  of  these  flights  was  as  follows: 

1.  Approach  under  simulated  instrument  conditions,  conxnand  steering  or  raw  data,  as  assigned. 

11.  Intercept  MLS  glide  path  with  landing  flap  down  and  airspeed  set  at  1.3  Vso  (Vso,  stall 

speed  In  the  landing  configuration). 

111.  At  Decision  Height,  go  visual  and  land  in  the  touchdown  zone. 

lv.  Do  not  "duck  under"  for  the  landing, 

v.  Do  not  reduce  power  to  idle  until  touchdown,  If  speed  Is  below  1.3  Vso. 

vl.  Use  moderate  wheel  braking  to  a full  stop, 
vii.  Series  100 

Do  not  use  propeller  discing  (forward  C.C.  tests)  Use  propeller  discing  but  not  reverse 
(aft.  C.G.  tests) 

Series  300S 

Use  propeller  discing  on  all  landings,  but  not  reverse. 

STEEP  APPROACH  TEST  RESULTS 


Vertical  Speed  and  Time 

The  Series  300S  Twin  Otter  at  1.3  Vso  can  achieve  a rate  of  descent  of  1400  fpm,  or  an 
equivalent  glide  path  angle  of  10.7°.  The  Series  100  at  1.3  Vso  can  achieve  a rate  of  descent  of  1300 
fpm  or  an  equivalent  glide  path  angle  of  10°.  At  maximum  landing  weight,  1.3  Vso  on  the  DHC-6-100  is 
73  knots  Calibrated  Airspeed  (CAS),  and  74  knots  CAS  on  the  DHC-6-300S. 

The  vertical  speeds  required  at  1.3  Vso  in  still  air  and  the  approximate  time  remaining  from 
the  Decision  Height  at  200  feet  to  touchdown  (T/D)  are  as  follows: 


Glide  Path  Vertical  Speed  Time  D.H. 

Angle  to  T/D 

6°  770  fpm  15  sec 

7°  900  fpm  13  sec 

8°  1030  fpm  12  sec 


We  found  that  there  was  no  unusual  landing  problem  associated  with  the  vertical  speed  of  an  8° 
glide  path  as  long  as  the  Decision  Height  was  200  feet  or  higher.  With  a D.H.  lower  than  200  feet, 
the  pilots  felt  they  were  approaching  a limit  in  the  time  available  to  carry  out  the  landing  task. 

We  found  that  the  pilots  could  not  tell  easily  what  glide  path  angle  they  were  flying  when  on 
Instruments.  Only  after  considerable  experience  and  awareness  of  the  effect  of  wind,  could  they  guess 
whether  it  was  a 6°,  7°,  or  8°  glide  path.  Although  the  margin  of  vertical  speed  available  to  correct 
down  to  the  glide  path  was  reduced  as  the  glide  path  angle  Increased  from  6°  to  8°,  the  margin  available 
for  the  8°  glide  path  was  considered  limiting  but  acceptable  for  the  conditions  encountered.  The  300S 
has  an  Increased  flight  Idle  engine  speed  and  a reduced  flight  idle  propellor  blade  angle.  This  combi- 
nation produced  only  a slight  increase  in  the  vertical  speed  available,  but  it  did  produce  an  Increased 
transient  thrust/drag  response  to  changes  In  the  power  levers.  This  increased  thrust/drag  response  was 
considered  to  be  a significant  improvement.  I should  mention  that  the  slight  Increase  In  vertical 
speed  available  in  the  Series  300S  aircraft  has  been  welcome,  even  on  the  6°  approach.  The  moral  of 
all  this  seems  to  be  that  a pilot  really  appreciates  having  the  ability  to  make  prompt  corrections 
during  the  approach. 

Offset  Approach 

Figure  4 shows  the  approach  path  geometry  for  a 7°  glide  path.  With  the  3°  offset  approach, 
the  aircraft  just  intercepts  the  extended  runway  centre  line  at  a 200  foot  Decision  Height.  The 
approach  path  geometry  for  an  8°  glide  path  moves  the  200  foot  D.H,  to  the  right  of  the  extended  runway 
centre  line,  and  an  "S"  turn  is  required  to  line  up  for  landing.  For  a 6°  glide  path,  the  200  foot 
D.H.  is  to  the  left  of  the  extended  centre  line  and  only  a slight  left  turn  is  required  to  line  up  for 
landing.  The  "S"  turn  tended  to  make  the  8°  glide  path  200  foot  D.H.  more  difficult  for  the  pilot. 

When  a D.H.  of  300  feet  was  used,  there  was  no  "S"  turn  required  to  line  up,  and  no  problem  with  time 
constraints  and  vertical  speed  effects  in  the  landing  task. 

Landing  Performance 

Figure  5 shows  landing  performance  results  from  one  hundred  6°,  7°  and  8°  approaches  combined. 
These  results  include  the  following  operational  conditions: 

29  Runs  - 6°  35  Runs  Aft  C.G.  82  Runs  Day 

43  Runs  - 7°  65  Runs  Fwd  C.G.  18  Runs  Night 

28  Runs  - 8° 
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22  Runs  4 MPH  Avg.  Tailwind  Component 
78  Runs  S MPH  Avg.  Headwind  Component 

Figure  6 shows  a comparison  of  landing  performance  from  6°,  7°  and  8°  approaches.  The  average 
touchdown  distance  did  not  change  In  any  consistent  way,  but  the  touchdown  Bcntter  decreased  as  the  glide 
path  angle  Increased.  Landing  roll  distance  was  not  affected  by  the  glide  path  angle. 

Night  Landings 

Figure  7 shows  the  landing  results  for  night  and  day  conditions.  He  found  that  our  pilots 
liked  the  touchdown  zone  floodlighting  because  It  gave  good  visual  cues  for  the  touchdown  task.  The 
fact  that  the  average  touchdown  distance  was  almost  exactly  In  the  centre  of  the  touchdown 
zone  may  be  attributed  to  the  pilots  wanting  very  much  to  land  in  the  floodlit  area.  The  quality 
(vertical  speed  at  touchdown)  of  the  night  landings  was  found  to  be  as  good  as  those  under  day 
conditions.  All  of  the  night  landings  were  done  at  the  foward  C.G.  limit,  and  propellor  discing  was  not 
used  for  stopping. 

We  were  concerned  about  the  effect  of  floating  past  the  floodlit  touchdown  zone  Into  the  unlit 
zone  beyond  it.  However,  this  proved  to  be  no  problem.  Since  the  aircraft  was  always  very  close  to 
the  ground  by  the  time  the  touchdown  zone  was  passed,  the  pilots  found  they  were  not  concerned  at  all 
by  the  relative  darkness  beyond  it. 

Strobe  lights  were  located  at  the  threshold  as  we  were  concerned  about  positive  Identification 
of  the  runway  in  conditions  of  low  visibility.  Without  the  strobes,  we  have  on  record  one  case  where 
on  a clear  night  the  pilot  was  unable  to  find  the  runway  in  time  and  had  to  overshoot.  This 
was  due  to  the  3°  offset  approach  and  a strong  adverse  crosswind  which  required  a crab  angle  such  that 
the  runway  was  about  30°  left,  instead  of  straight  ahead  at  the  Decision  Height. 

Effect  of  Centre  of  Gravity 

The  effect  of  the  position  of  the  C.G.  on  touchdown  distances  and  scatter  was  significant. 

Figure  8 shows  the  results  of  the  DHC-6-100  with  forward  and  aft  C.G.  loadings.  The  aft  C.G,  results 
include  twelve  landings  each  from  6°  and  8°  glide  slope  approaches  and  eleven  landings  from  a 7° 
glide  slope  approach. 

It  should  be  noted  that  the  aft.  C.G.  stopping  distances  Included  the  use  of  propeller  discingj 
hence  the  shorter  stopping  distances. 

Due  to  reduced  elevator  nose  up  control  power  and  increased  stick  forces  at  the  forward  C.G., 
landings  tended  to  be  harder,  touchdown  distances  were  shorter  and  touchdown  scatter  reduced  when  compared 
to  results  at  the  aft  C.G.  With  the  increased  nose  up  elevator  control  power  and  reduced  stick 
forces  at  the  aft  C.G.,  the  pilot's  attempts  to  make  smooth  landings  resulted  in  increased  touchdown 
distances  and  Increased  touchdown  scatter. 

Ground  Control  and  Deceleration 


In  the  ground  deceleration  phase,  from  touchdown  to  full  stop,  we  found  a wide  variation 
in  performance  due  to  different  pilot  techniques  and  skill  in  the  use  of  brakes  and  propellor  discing. 
In  this  phase  of  the  operation,  pilot  workload  could  be  high  under  adverse  conditions  of  wind  and 
runway  surface.  Also,  the  individual  pilot  technique  in  using  the  means  available  to  control  and  stop 
the  aircraft  was  not  always  optimum.  As  will  be  seen  later,  modifications  incorporated  in  the  Series 
300S  aircraft  made  a very  significant  improvement  in  ground  deceleration. 

The  quality  of  landings,  in  terms  of  bounce  or  vertical  speed  at  touchdown  were  as  good  as 
in  conventional  operations.  The  pilots  quickly  adjusted  to  steep  approach  conditions  and  consistently 
made  first  class  landings. 

Approach  Speeds 

We  looked  at  approach  speeds  of  1.4,  1.35,  1.3,  1.25  and  1.2  Vso,  and  found  that  1.3  Vso, 

was  the  best  compromise.  At  higher  speeds  the  great  tendency  to  float  down  the  runway  was  un- 

satisfactory In  that  It  produced  long  touchdown  distances  and  increased  touchdown  scatter.  At  lower 
speeds,  the  limited  ability  to  round  out  for  landing  at  the  forward  C.G.  was  unsatisfactory.  At  1.3 

Vso  the  pilot  could  deviate  from  the  target  speed  by  ^ 5 knots  without  creating  any  unusual  problems, 

but  at  the  other  target  approach  speeds,  high  or  low  side  airspeed  deviations  complicated  pilot 
touchdown  control. 

Approach  Path  Guidance 

The  flight  director  was  a modified  Collins  FD-109  using  Distance  Measuring  Equipment  (DME) 
for  continuous  gain  scheduling.  In  the  cockpit,  full  scale  instrument  deflection  was  +_  1.4°  for  the 
glide  slope  and  + 3°  for  the  localizer. 

We  made  twenty  approaches  not  using  the  Flight  Director  command  mode;  that  is  the  pilot 
had  to  assess  the  magnitude  of  corrections  for  localizer  and  glide  path  errors.  Of  these  twenty 
approaches  to  200  feet,  two  resulted  in  missed  landings  when  the  pilot  did  not  correct  an  excessive 
vertical  position  error.  In  both  cases,  the  aircraft  was  too  high  at  the  Decision  Height  to  permit 
a landing. 
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Wind  Shear 


Wind  shear  was  a cause  for  concern.  Wind  shear  above  about  400  feet  was  not  a problem  as  the 
pilot  had  ample  time  to  make  adjustments.  Lateral  wind  shear  components  and  turbulence  were  not  a 
problem  anywhere  In  our  tests.  But  along  track  wind  shear  effect  did  cause  some  concern.  Our  one 
missed  approach  due  to  wind  shear  occurred  when  transitioning  from  about  a 20  knot  tailwind  Into  a 
calm  condition  at  200  feet  above  ground.  The  aircraft  could  not  be  slowed  In  time  for  a landing. 

In  other  cases  of  descending  from  a headwind  Into  calm  conditions  at  100  to  200  feet  above  ground,  we 
had  several  Incidents  of  very  low  airspeed  and  accelerating  sink  rates  close  to  the  ground.  The  fact 
that  the  engines  were  at  low  power  settings  and  In  a slow  acceleration  response  range  (4  to  5 seconds 
to  achieve  maximum  power)  added  to  the  pilot's  problems.  I should  add  that  the  Rockcliffe  Airport  Is 
located  In  a natural  bowl-llke  setting  beside  the  Ottawa  River  and  this  Is  very  conducive  to  a wind 
shear  situation  In  the  lower  few  hundred  feet. 

Hissed  Approach 

The  vertical  velocity  of  770  fpm  (still  air)  on  a 6°  glide  path  together  with  the  4 to  5 
seconds  required  to  accelerate  the  engines  from  low  power  settings  to  maximum  power  caused  some  concern 
about  height  losses  to  be  expected  In  a missed  approach.  After  reaching  the  Decision  Height  and 
not  making  visual  contact,  the  aircraft  must,  of  necessity,  descend  below  the  D.H.  by  some  amount 
before  a climb  Is  established.  The  amount  of  the  height  loss  before  establishing  this  climb  Is 
determined  primarily  by  the  time  delay  of  the  crew  In  initiating  the  missed  approach  procedures  by 
applying  maximum  power,  checking  the  rate  of  descent,  and  raising  the  flaps. 

In  our  tests,  height  losses  were  usually  between  25  and  35  feet  and  were  never  more  than  50 

feet. 


We  feel  confident  that  with  good  crew  training  and  crew  co-ordination  a height  loss  of  more 
than  50  feet  would  be  highly  improbable.  A crew  procedure  has  been  established  such  that  at  Decision 
Height  the  Captain  must  decisively  indicate  that  he  has  sufficient  visual  contact  to  land.  The  co- 
pilot is  programmed  to  Initiate  the  missed  approach  unless  he  hears  and  feels  the  captain  taking  over 
for  the  landing.  Thus,  there  should  be  no  uncertainty  at  the  D.H.  as  to  whether  there  are 
sufficient  visual  cues  to  make  a landing.  Unless  the  Captain  takes  the  decisive  action  to  call 
for  the  landing  and  take  over  control  of  the  aircraft  the  missed  approach  Is  Initiated  by  the  co- 
pilot as  soon  as  the  D.H,  Is  reached. 

Engine-Out  Missed  Approach 

A missed  approach  does  not  occur  very  frequently.  Engine  failure  also  occurs  very 
Infrequently  and  the  two  together,  an  engine  failure  at  the  critical  moment  in  a missed  approach, 
could  be  considered  a very  improbable  event.  However,  because  of  the  adverse  conditions  of  the 
very  high  drag  of  the  approach  flap,  the  relatively  high  descent  rate  and  the  time  required  to  bring 
an  engine  up  to  full  power,  we  felt  we  should  consider  the  case  of  an  engine  failure  or  hang-up  at 
the  critical  moment  of  a missed  approach. 

The  engine  out  go-around  situation  requires  that  the  crew  take  the  correct  actions  and 
carefully  manage  the  energy  available.  At  Decision  Height,  the  flaps  must  be  selected  up  and  maximum 
power  applied.  If  the  engine  failure  occurs  Just  before,  or  during  this  procedure,  the  pilot  has 
a very  high  workload  problem  with  asymmetric  power,  low  speed  and  a high  drag  configuration. 

The  Twin  Otter  flaps  operate  very  slowly  - taking  about  30  seconds  for  full  extension  or 
retraction.  It  takes  approximately  10  seconds  for  the  flaps  to  retract  to  a climbing  configuration, 
and  during  this  time  the  pilot  must  hold  airspeed  at  1.1  Vmca  (about  73  knots  CAS)  and  allow 
the  aircraft  to  sink  until  the  flaps  retract  sufficiently  to  permit  a climb.  Then  airspeed  is 
Increased  slowly  to  best  climb  speed  as  the  flaps  continue  to  retract.  This  demands  some  concentration, 
particularly  when  one  is  only  200  feet  above  the  ground  to  begin  with.  If  in  addition  one  must, 
without  delay,  feather  the  dead  engine,  the  workload  In  the  cockpit  becomes  very  high.  Our  Initial 
experience  using  the  DHC-6-100  was  not  very  encouraging.  In  our  initial  procedure  of  selecting  flaps 
fully  up  from  the  landing  configuration,  we  noted  that  the  final  10°  of  flap  retraction  usually 
resulted  in  a pronounced  aircraft  sink  as  the  pilot  tried  to  accelerate  from  76  knots  at  flaps  10 
to  87  knots  at  flaps  0°  to  follow  the  best  climb  speed.  With  pilots  experienced  on  other  types,  but 
not  the  Twin  Otter,  we  observed  height  losses  in  excess  of  200  feet,  and  large  heading  changes  and 
lateral  track  excursions.  These  were  due  to  various  pilot  techniques  and  the  high  cockpit  workload 
compounded  by  the  need  for  a manual  feathering  of  the  dead  engine  propellor. 

Our  efforts  to  Improve  the  safety  of  our  engine  out  missed  approach  were  concentrated  In 
reducing  pilot  workload  and  emphasizing  pilot  training.  The  autofeather  system  was  modified  to 
include  a single  torque  arming  capability.  This  provided  autofeathering  both  in  the  event  of  power 
application  following  or  during  an  engine  failure,  and  autofeathering  with  an  engine  failure  after 
power  application. 

A 10°  flap  selector  stop  was  introduced  to  hold  the  flaps  on  retraction  at  10°  - the  best 
single  engine  climb  configuration.  These  changes  In  the  autofeather  and  flap  systems  reduced  pilot 
workload  to  the  extent  that  the  pilot  of  the  Series  300S  aircraft  has  only  to  manage  speed  control 
from  a minimum  of  73  knots  CAS  (1.1  Vmca)  to  82  knots  CAS  during  a single  engine  missed  approach. 

We  found  that  line  pilots  often  were  reluctant  to  use  full  rudder  in  an  asymmetric  situation 
requiring  full  rudder.  Without  training  emphasis  on  the  use  of  rudder,  they  tended  to  use  Just  enough 
rudder  to  keep  the  yaw  rate  low,  but  not  enough  to  stop  It.  Thus  the  aircraft  slowly  turned,  sometimes 
more  than  90°  and  made  unacceptable  lateral  track  excursions.  In  pilot  training,  emphasis  was  placed 
on  the  importance  of  using  full  rudder  and  5°  of  bank  into  the  live  engine  in  an  asymmetric  situation 
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at  low  airspeed,  Emphasis  was  placed  also  on  airspeed  control. 

These  measures  made  a significant  Improvement  In  the  engine  out  missed  approach  performance 
In  the  Series  300S  Twin  Otter.  The  pilot's  workload  was  reduced  to  applying  maximum  engine  power 
and  controlling  the  aircraft.  Heading  and  lateral  track  excursions  were  reduceu  to  very  small 
proportions.  Height  losses  were  reduced  to  between  50  feet  and  90  feet.  Because  of  this  we  have 
used  a 100  foot  height  loss  from  an  engine  out  missed  approach  as  a guide  In  considering  minimum  Decision 
Height  and  zoning  criteria. 

It  should  be  mentioned  that  In  our  Initial  tests  on  the  engine  out  missed  approach  problem 
we  tried  making  our  approaches  with  30°  flaps  down  to  the  Decision  Height  instead  of  the  full  37° 
landing  flap.  In  an  attempt  to  reduce  the  time  required  to  raise  the  flaps  to  a climbing  configuration. 
This  had  no  significant  effect  on  engine  out  missed  approach  performance.  However,  as  It  did 
significantly  Increase  our  touchdown  distances  and  scatter  we  abandoned  the  Idea  of  partial  flap 
approaches. 


Till-  DIIC-6-300S 

The  flight  tests  on  the  DHC-6-1.00  Just  described  contributed  to  the  final  modifications  of 
the  production  Series  300S  Twin  Otter  and  to  the  operational  procedures  of  the  ST0I,  service. 

DHC-6-300S 


Some  of  the  modifications  which  are  Incorporated  In  the  DHC-6-300  to  produce  the  300S 
model  are  as  follows: 


(a)  Ground  Spoilers  - automatic  on  touchdown 

(b)  Hydro-Aire  Mark  III  Anti-Skid  Brakes 

(c)  Power  Lever  Detent 

- for  ease  of  selection  of  optimum  prnpellor  discing 

(d)  Auto-feather  Svstem 

- available  for  missed  approach  case. 

(e)  Propellor  and  Ng  Flight  Idle  Limits 

- propellor  angle  reduced  from  11°  to  10 

- N'g  idle  Increased  from  50 7 to  55% 

(f)  Flap  Selector  Stop  - 10° 

Ground  control  and  deceleration  were  significantly  Improved  by  the  addition  of  the  spoilers, 
the  power  levers  discing  detent  and  the  anti-skid  brakes.  It  should  be  noted  that  we  were  very 
conscious  of  pilot  workload  and  all  of  these  modifications  reduce  pilot  workload.  The  pilot  has 
simple  tasks  to  perform;  none  of  them  depend  on  recognizing  annunciated  visual  or  audio  cues;  none  of 
them  require  precise  careful  judgement.  The  ground  spoilers  deploy  automatically  on  touchdown  and  assist 
in  ground  control  and  deceleration  capability  by  getting  the  weight  on  the  wheels  immediately  after 
touchdown.  The  power  lever  discing  detent  allows  the  pilot  to  quickly  and  positively  select  maximum 
propellor  discing.  The  anti-skid  brakes  eliminate  the  need  to  pick  a braking  path  or  pump  the  brakes 
on  wet  or  icy  runways.  The  ground  spoilers  and  the  propeller  discing  are  largely  drag  complementarv ; 
the  loss  of  one  or  the  other  has  little  effect  on  the  total  deceleration  available. 

As  mentioned  previously,  flight  characteristics  and  pilot  workload  have  been  improved  by  the 
changes  In  the  auto-feather  system,  the  propellor  and  Ng  flight  Idle  limits  and  the  flap  10° 
selector  stop.  The  single  torque  arming  of  the  auto-feather  system  provides  auto-feathering  in  the 
event  of  an  engine  failure  during  a missed  approach.  Our  tests  Indicated  that  this  capability  was 
essential  to  consideration  of  an  engine  failure  during  a missed  approach.  The  change  in  engine  idle 
speed  from  50%  to  55%  was  made  to  provide  a better  capability  to  handle  high  electrical  loads. 

The  resulting  reduced  propellor  flight  idle  blade  angle  from  11°  to  10°  produces  an  Increased  available 
vertical  speed  of  about  100  fpm,  and  more  significant,  an  apparent  increased  thrust/drag  response  to 
power  lever  changes.  The  flap  10°  selector  stop  provides  a reliable  and  simple  selection  of  the  best 
single  engine  climb  configuration. 

Figure  9 shows  the  results  of  59  landings  from  6°  glide  slope  approaches  with  the  Series  300S. 
The  average  touchdown  distance  which  is  some  50  feet  Inside  the  touchdown  zone  Is  the  target  area  that 
the  pilots  generally  aim  to  hit.  We  feel  that  the  great  success  in  arriving  there,  and  the  significantly 
reduced  touchdown  scatter  is  due  largely  to  the  Improved  propellor  blade  angle  and  Ng  flight  idle  com- 
bination. There  was  not  an  opportunity  to  see  If  the  reduced  touchdown  scatter  with  increased  glide 
path  angle  noted  In  the  DHC-6-100  tests  also  held  true  with  the  DHC-6-3O0S.  The  reduction  in  ground 
deceleration  distances  due  to  Incorporation  of  spoilers,  power  lever  detent  for  maximum  propeller  discing 
and  anti-skid  brakes  was  impressive.  It  should  be  noted  that  52  out  of  the  59  runs  were  made  by  Air 
Transit  line  pilots  using  their  own  version  of  moderate  braking.  The  other  7 runs  were  made  by  a De 
Havilland  Aircraft  test  pilot.  Wind  conditons,  measured  at  30  feet,  were  as  follows: 

-17  landings  with  an  average  tailwind  component  of 
5 MPH. 

-15  landings  with  calm  conditions. 
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-27  landings  with  an  average  headwind  component 
of  8 MPH. 
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Selection  of  Clide  Path  Anglo 

The  Rlldo  path  angles  of  6°,  7°  and  8°  were  all  considered  to  be  safely  useable  by  the  Twin 
Otter,  with  the  8°  case  being  limiting  due  to  the  approach  path  geometry  previously  mentioned  and  due 
to  the  vertical  speed  available  to  correct  down  to  the  glide  path.  After  all  factors  were  taken 
Into  account,  the  6°  glide  path  was  chosen  over  the  7°  glide  path.  Tills  choice  was  by  no  means 
unanimous. 

DHC-6-300S  Approach  Procedures 

Finally,  a few  words  to  describe  the  operational  procedures  that  have  been  developed 
to  date  for  the  final  approach  Into  the  STOLport. 

Between  the  R-NAV  Initial  approach  waypoint  and  the  R-NAV  final  approach  waypoint  at 
1500  feet,  the  crew  completes  the  final  landing  checks  except  for  flaps  and  propellor  pitch, 
decelerates  to  Vfe  for  full  flaps,  and  transitions  to  the  MLS  for  precision  approach  guidance. 

When  the  Flight  Director  Is  switched  from  R-NAV  to  MLS  Information,  the  R-NAV  system  continues  to 
present  Its  approach  path  information  to  the  pilot  on  a separate  indicator.  A monitored  approach 
method  Is  used,  In  which  the  First  Officer  files  the  aircraft  and  the  Captains  monitors  the  approach 
and  uses  the  power  levers  to  control  airspeed.  At  Decision  Height,  the  Captain  takes  control  of  the 
aircraft  for  landing. 

The  time  of  selection  of  full  flaps  is  very  Important.  It  is  desired  to  Intercept  the  6° 

glide  path  In  the  landing  configuration  at  a speed  of  1.3  Vso.  The  winds  at  1,500  feet  play  a large 

part  in  the  pilot's  decision  on  when  to  select  flap  down.  In  the  final  DHC-6-300S  tests,  we  had  3 

incidents  out  of  59  approaches  when  the  stall  warning  sounded  during  the  run-in  to  glide  path  interception. 

This  happened  because  of  unanticipated  headwinds  (low  ground  speed)  with  the  result  that  the 
flaps  were  fully  down  before  glide  path  Interception.  Because  the  Interception  looked  so  close 
(the  glide  path  indicator  showing  Just  above  Interception)  the  pilots  were  badly  misled.  Glide  path 
Interception  was  close  In  terms  of  distance  but  not  in  terms  of  time.  The  high  drag  of  the  landing 
configuration  required  a substantial  increase  in  power,  but  the  pilots  were  reluctant  to  apply  the 
power,  expecting  a glide  path  Intercept  at  any  moment.  Without  the  required  engine  power,  airspeed 
rapidly  fell  of  to  close  to  the  stall.  The  opposite  case.  In  which  a tailwind  produces  a high  groundspeed 
resulting  In  the  aircraft  flying  through  the  glide  path  before  flaps  are  extended  fully  also  creates 
problems  In  getting  down.  The  key  to  success  is  to  be  aware  of  ground  speed  (available  from  the  R-NAV 
System)  when  approaching  the  glide  path  Interception,  and  to  select  the  flaps  down  at  the  appropriate 
DMK  distance  from  that  point. 

After  glide  path  interception,  and  with  airspeed  at  1.3Vso,  engine  power  is  reduced  and  the 
propeller  pitch  Is  selected  to  full  fine.  This  is  left  to  the  last  for  noise  considerations. 

At  Decision  Height,  assuming  the  runway  is  In  sight,  the  Captain  takes  control.  His  task 
is  to  land  In  the  touchdown  zone.  On  touchdown,  the  ground  spoilers  automatically  deploy,  the  power 
levers  are  selected  to  the  discing  detent  and  wheel  braking  is  applied  as  required. 

At  Decision  Height,  if  the  Captain  has  not  decisively  signalled  that  he  has  control  and  is  going 
to  lend,  the  First  Officer  automatically,  and  without  delay,  applies  maximum  power  and  calls  for  flaps 
10°  for  the  missed  approach. 

PROBLEM  AREAS 

With  respect  to  possible  future  problem  there  arc  two  noteable  ones;  wind  shear  and  STOLport 
lighting.  Surprisingly  noise  does  not  appear  to  be  a problem. 

Noise 

Although  Rockcliffe  airport  is  situated  on  the  edge  of  a long  established  and  affluent 
residential  area,  complaints  about  noise  from  the  Twin  Otter  operation  were  rare.  Noise  measurements 
taken  at  critical  area  in  the  neighbourhood  revealed  that  the  noise  levels  from  STOL  operations 
were  no  worse  than  those  from  the  normal  local  street  traffic.  The  low  number  of  noise  complaints  seemed 
to  bear  this  out.  Take-off  power  settings  were  confined  to  the  airfield  boundaries,  with  first  power 
reduction  being  made  at  400  feet  above  ground.  On  approach,  the  low  power  settings,  5-15  psi  torque  and 
low  propellor  speeds,  (below  807  or  1760  RPM)  resulted  in  very  low  noise  levels.  During  one  two  day 
period  in  October  1973,  we  made  75  take-offs  and  landings  at  Rockcliffe  without  a single  complaint  of  any 
kind  being  registered. 

Wind  Shear 

The  most  interesting  problem  area  is  that  of  wind  shear.  We  believe  that  the  most  effective 
thing  we  can  do  now  in  our  Twin  Otter  operations  is  to  ensure  that  the  line  pilots  are  thoroughly 
trained  and  are  briefed  daily  on  shear  conditions  expected  at  the  STOLports.  We  are  exploring  means 
of  predicting  and  reporting  local  shear  conditions  in  a form  useable  to  pilots. 

STOLport  Lighting 

The  night  lighting  of  the  STOLports  is  by  no  means  final.  At  Victoria  Park,  the  Bonaventure 
Expressway  loops  around  the  STOLport,  and  poses  a problem  of  positive  STOLport  identification.  As  an 
adverse  crosswind  may  place  the  STOLport  30°  off  to  one  side  with  the  Expressway  straight  ahead,  one  can 
appreciate  the  problem.  The  nlution  here  seems  to  lie  in  developing  unmistakeable  STOLport  lighting. 


CONCLUSION 


This  paper  has  described  a very 
operation  field.  The  project  was  simple, 
development  and  operational  procedures. 


practical  flight  test  exercise  aimed  expjnrlng  a new 
inexpensive  and  results  were  applied  quickly  to  alrcra 
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SUMMARY 

Discussions  are  presented  on  current  final  approach-to-landing  procedures  along 
with  the  relationship  of  conventional  approach  speeds  to  the  lift  to  drag  (L/D)  relation- 
ships of  aircraft.  The  characteristics  of  L/D  relationships  are  discussed  in  view  the 
landing  approach  maneuver,  identifying  the  potential  advantages  of  operating  on  the 
"front  side”  of  the  L/D  curve.  Flight  experience  of  low  L/D,  idle  power  approaches 
using  the  front  side  of  the  L/D  curve  are  reviewed  in  light  of  the  piloting  task.  The 
velocity  convergence  relationship  for  operating  on  the  front  side  of  the  L/D  curve  are 
presented  and  the  convergent  characteristics  for  both  transport  and  fighter  aircraft 
are  explored.  Front  side  approach  and  landing  performance  for  the  KC-135A  and  T-38A 
aircraft  are  presented.  Convair  990  touchdown  dispersions  from  low  L/D,  idle  approaches 
are  presented.  Other  significant  advantages  of  the  low  power,  front  side  L/D  landing 
approach  are  enumerated. 


LIST  OF  SYMBOLS 


SYMBOL 


A 


f 


C 


L 


g 

h 

L/D 


S 

V_ 


t 

wt 


p 


DEFINITION 

Vt  dVt 

acceleration  factor  (1  + — ) 

lift  coefficient 

gravitational  constant 
altitude 

lift  to  drag  ratio 
normal  load  factor 

reference  wing  area 
calibrated  airspeed 

equivalent  airspeed 
true  airspeed 
weight 
air  density 


a ratio  of  ambient  air  density  to  sea  level  air  density 

SUBSCRIPTS 

GS  glide  slope 


UNIT 


32.2  ft/sec1 
feet  (ft) 

g ' s 
ft* 

knots  (kts) 
knots  (kts) 
ft/sec 

pounds 

pound  sec* 
ft* 


I.  INTRODUCTION 

Accident  statistics  bear  out  the  fact  the  landing  is  a critical  phase  of  flight. 
Some  evidence  of  this  is  manifest  in  the  U.S.  air  carrier  statistic  for  1972  where  87 
percent  of  all  airline  fatalities  occurred  in  landing  accidents.  U.S.  Air  Force 
statistics  show  that  15  percent  of  all  major  accidents  occur  during  final  approach  and 
landing  and  65  percent  of  these  accidents  result  in  fatal  or  major  injuries. 

These  statistics  are  no  surprise  to  pilots.  They  have  always  considered  that 
setting  up  for  final  approach,  maintaining  the  final  approach  glide  slope,  flare  and 
touchdown  are  their  most  demanding  piloting  tasks  and  require  constant  proficiency 
training.  In  spite  of  our  phenomenal  technological  advancements  in  the  past  two 
decades,  this  situation  has  seen  no  significant  improvement  and  in  many  cases  has 
worsened  due  to  the  increase  in  approach  speeds,  without  increasing  stall  margins. 


Tlioru  must  bo  a bettor  way  to  porform  thin  most  difficult  task.  Considerable 
effort  ban  been  expended  in  providing  improvements  in  high  lift  systems  to  lowor  speeds 
for  approacli  and  landing.  Tlicne  arc  stops  in  tho  right  direction  but  mavbo  apeed 
reduction,  throuqh  better  high  lift  devices,  in  not  tho  only  inportant  pavoff  area  for 
making  tho  landing  maneuver  onnior  to  flv  and  consequently  nafer. 

II.  COtlVniTJONAL  lakdinc,  aitfoacii 

A brief  review'  of  tho  piloting  tank  during  final  approach  to  landing  will  provide 
none  innight  into  vkerc  improvementn  can  be  made.  The  ['Hot  first  must  reduce  hir, 
speed  to  effect  tie  proper  configuration  changer  for  landing,  i.o.,  fla[in  and  gear 
dorn.  rinultamourl''  he  nurt  maneuver  to  intercept  a glide  nlope  at  v.'hich  time 
further  ndjuntrent  is  roruired  to  ol tain  the  proper  speed  and  pen, 'or  rotting  to  maintain 
the  nominal  tl rce  degree  elide  nloro.  rite!  attitude  in  ured  to  correct  to  the  glide 
slope  and  then  pover  in  reeuired  to  compensate  for  resulting  speed  changer  i:hcn  npproac! 
r.peodn,  to  maintain  the  tl  ree  degree  glide;  slope,  are  at  the  top  of  the  L/D  curve. 

V.'hon  making  an  approach,  on  the  back  side  of  the  L/D  curve,  airspeed  must  be  maintained 
largely  rith  attitude  changes  and  pen -or  is  used  to  control  sin);  rate,  (Figure  1) 
Handling  qualities  of  the  aircraft  at  tl  esc  speeds  arc  often  sluggish  at  best. 
Communication  tasks,  about  chic)  little  can  1 o done,  add  an  additional  vorhloac! , 

Cruise  flight  is  rorfnrmed  veil  on  the  front  side;  of  the  L/D  curve  I’hore  flight 
path,  control  is  performed  rith  [itch  control.  Also,  the  aircraft  in  more  responsive 
duo  to  higher  dynamic  pressures. 

Controlling  flight  path  rith  attitude,  operating  on  the  front  side  of  the  L/D 
curve,  is  a natural  tccl.nieue  to  the  pilot  because  most  flight  tine  is  spent  under  these 
conditions.  In  it  possil  la,  then,  to  perform  landing  approaches  under  those  conditions 
and  if  so  rl.at  are  the  benefits  and  drarhachs?  Tho  ansrer  to  these  cucstions  is  tho 
sul jeet  of  this  paper. 

ITT.  LOP  L/D,  tdm;  roppp  MTPCACK  FhPl.'FiniCl: 

The  potential  of  performing  landing  approaches  on  the  front  side  of  the  L/D 
curve  for  conventional  aircraft  ran  an  unexpected  kv-product  of  lookinq  at  the  guidance 
problems  associated  rith  terminal  area  maneuvering  of  the  planned  space  shuttle,  rince 
the  da'-s  of  tho  X-l  research,  aircraft  re,  at  Fdrardr  Air  Force  base,  have  been  per- 
forming unporered  landings  and  conscvucntl”  have  boon  strong  advocates  of  unporerod 
approaches  for  shuttle  as  a means  of  eliminating  the  reruirenent  for  airl  rcathina 
landing  engines  rith.  a resultant  rcigh.t  savings.  In  support  of  tlis  concept,  a 
numl  er  of  recent  flight  studies  have  Leon  made  of  the  navigational  and  landinq 
requirements  of  the  space  shuttle. 

It  ran  during  pilot  del  riefinqs  for  lov  L/D  studies  usinq  an  F-lll  and  F-52  air- 
craft (reference  1)  that  the  potential  benefit  of  unporered  approaches  for  conventional 
aircraft  ras  identified.  It  ras  reported  in  the  F-lll  L/D  studies,  that  the  "... 
pilot's  tasl  of  filing  the  lor  I./D  approaches  ras  considered  by  all  participating 
pilots  to  be  easier  than  flying  a normal,  pore  rod  three  degree  Jl.r  approach.." 

Ouotinq  again  from,  reference  1 concerning  tho  tlB-52  ground  control  approaches,  "Here 
again,  an  in  the  case  of  the  F-111A  instrument  approach,  the  piloting  task  ran  lens 
domandina  because  the  airplane  ras  being  florn  in  the  speed  stable  region  rhick 
reeuired  no  throttling  and  tho  handling  dualities  rcre  1. otter  at  the  higher  (than 
normal)  approach  speeds."  It  should  also  be  pointed  out  that  those  approach.es  rcre 
made  at  L/D  ratios  of  3.2  to  f.7  (fiqure  2).  A.ll  L/D's  lut  the  F-lllA  2f  degree  ring 
sreep,  gear  dorn  configuration  are  significantly  lover  than  rould  ho  the  case  for 
most  transport  aircraft  landinn  configurations.  The  F-lllA.  50  and  72.5  degree  ring 
creep  L/D  cl  aractcristics  are  similar  to  those  that  can  be  expected  from,  fighter  air- 
craft at  idle  thrust. 


IV.  L/D  Cni’Vl:  CI'ARACTFTIIFTICF 

V.’hat  are  some  of  the  cl  aractcristics  flying  on  the  front  side  of  the  L/D 
curve  I’h.ich  results  in  comments  of  "...easier  than  flying  a normal,  porcred  three 
degree  Ii.p  approach.."?  Lot's  examine  some  of  the  inportant  characteristics  of  the 
L/D  curve.  (In  this  discussion,  it  should  he  kept  in  mind  that  flight  path,  angles  arc 
inversely  proportional  to  L/D,  the  higher  the  L/D,  the  sballover  the  flight  path.)  The 
L/D  curve  can  I e separated  into  basically  three  regions  (figure  3);  the  front  side, 
the  top  and  the  hack  side.  The  front  side  of  the  I,/D  curve  is  the  stable  operating 
area.  1 'hen  operating  on  tho  front  side,  levering  the  aircraft  nose  till  increase 
airspeed  vhich  lovers  L/D  thus  rroducinq  a steeper  flight  path  angle.  F.aisinq  the 
nose  ''ill  decrease  airsreod  vhich.  increases  L/D  thus  producing  a shallovor  flight 
path  angle.  The  airplane  vill  also  he  speed  stable  vhile  filing  along  a particular 
flight  path  annlc-.  That  is,  excess  speed  along  a chosen  fliqht  path  angle  fill  pro- 
duce excess  drag,  rc-ultirg  in  a deceleration  tovard  the  desired  airspeed.  The 
characteristic  countings  describing  tie  speed  stabilit”  \ j 11  1 e discussed  sub seeucntlv. 

The  had  side  of  tie  L/D  curve  is  unstable.  hovering  the  nose  fill  increase 
speed  lut  the  L/D  increases  rith  increasing  speed  and  consequently  results  in  a 
shallot 'er  flight  r>at!  . This  sa”s  that  in  order  to  reduce  fliqht  path  angle,  vithout 
changing  pooer,  a pilot  vould  have  to  pushover,  li.icl.  is  conplctcl"  opposite  of 
normal  pilot  reactions.  This  is  fly  pover  changes  arc  so  critical  vhon  fl'’inq  on 
tie  1 acl.  side  of  the  I./D  curve. 
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The  speed  in  also  unstnl  lo  with  respect  to  a particular  fliqiit  path;  i.c,,  excess 
speed  aloncj  the  flial't  path  vill  result  in  the  nano  lift  but  lover  drag  (higher  L/D) 
and  the  airplane  will  accelerate  away  from  the  desired  npced.  Heine  clover  on  the 
qlido  slope  vill  result  in  a continuinq  speed  reduction,  unices  pover  in  applied.  Ts 
it  any  yonder,  then,  that  aircraft  have  experienced  stall  on  final  approach  vhen  ti  e 
pilot  in  momentarily  dintracted  and  tlic  airspeed  clown  divergently. 

Flyinq  on  top  of  the  L/D  curve  is  a neutrally  stat  ic  condition  recuirinq  toch- 
nieuer  beside  attitude  and  speed  for  flight  path  control  (c.q.  hank  anqle,  speed 
brakes  and  thrust  modulation) . 

V.  rrotJT  Eli)!'  L/D  APPROACH 

It  is  apparent  from  understandinq  the  characteristics  of  the  L/D  curve  that  there 
arc  some  very  desiratle  features  associated  with  making  approaches  on  the  front  side 
of  the  L/0  curve.  First,  corrections  to  tt e glide  slope  arc  natural.  Tf  vou  are 
belov  the  glide  slope  "ou  pull  up  and  vice,  versa.  Eecond,  once  on  the  elide  slope,  the 
speed  vill  tend  to  stal  ilizo  at  a qiven  value.  The  s.pocd  to  which  the  aircraft  v ill 
stabilize  in  veil  above  stall  vlicre  it  has  responsive  handlinq  characteristics. 

Third,  throttle  or  speed  brake  manipulations  arc  siqnif icantl”  reduced  or  eliminated. 

An  approach  based  on  these  criteria  vould  be  ns  presented  in  finure  4.  The 
initial  approach  qlido  slope  vould  be  from  G to  12  doqroos,  depending  on  tie  aircraft's 
L/D  characteristics  for  tie  landino  approach  conf iquration  and  pover  setting  used. 

The  point  at  v:Lich  tic  initial  approach  slope  intersects  the  plane  of  the  runv.ay  is 
called  the  air  point  and  its  location  is  selected  on  the  basis  of  the  aircraft's 
deceleration  characteristics.  The  velocity  at  flare  initiation  is  such,  that  the  air- 
plane reaches  touch dovn  speed  beyond  runvav  threshold. 

vi.  vtlocity  coT.'vnvnnm:  aloi.t  Aprro/.ci'  olidi:  elopi: 


The  post-flare  deceleration  distance  is  dependent  upon  tl;e  flare  entrv'  velocity. 
If  the  velocity  is  excessive,  the  airplane  vill  float  too  far  dovn  the  runway  prior 
to  touchdown.  If  the  velocity  is  too  lov,  it  may  land  short  of  runv.ay  threshold. 

It  is  important,  then,  to  he  at  the  proper  speed  prior  to  the  start  of  flare.  This  is 
possiLle,  vithout  the  requirement  for  pover  chanqos,  if  the  approach  is  made  on  the 
speed  stable  (front)  side  of  the  L/D  curve. 

The  magnitude  of  this  spoed  stability  has  been  defined  by  an  ermation  developed 
in  a presently  unpublished  study  ly  the  author.  This  relationship  van  checked  for 
validity  usinq  both  fliaht  test  and  simulator  data.  The  equation  is  as  follovs: 


1.128  x lO-oA. 
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tpt — = incremental  chanqe  in  airspeed  due  to  incremental  chanqe  in 
altitude 


a = atmospheric  densitv'  ratio  — ! — 

PSL 

A,  = acceleration  factor  for  tlie  qlide  slope  velocity  and  altitude 
rGE  V.  dV. 

* r mr> 

V£  = equivalent  airspeed  (kts) , Vg  = Vc  for  approach  speeds 
(L/D)__  = the  L/D  for  the  stabilized  glide  slope 

lit? 

L/D  = instantaneous  L/D 


There  are  a couple  of  interesting  characteristics  of  this  equations.  First,  the 
velocity  converges  asymptotically  to  the  glide  slope  stabilized  airspeed.  This  is 
evident  from  the  bracketed  parameters: 

[^-0 

As  the  instantaneous  L/D  approaches  the  qlide  slope  L/D,  the  first  factor  in  brackets 
approaches  one  and  the  value  in  brackets  approaches  zero.  This  is  best  illustrated 
by  fiqure  5.  The  top  graph  in  figure  5 illustrates  the  subsonic  L/D  performance  of 
a representative  aircraft.  The  giide  slope  L/D  was  selected  to  provide  front  side 
L/D  variation  of  at  least  plus  or  minus  one  L/D.  The  bottom  graph  illustrates  the 
glide  slope  stabilized  airspeed  as  a function  of  altitude.  The  glide  slope  in  this 
case  was  11.9  degrees  for  a wing  loading  of  35  pounds  per  square  foot  (PSF) . Also 
shov/n  are  velocity  convergent  characteristics  for  the  case  of  being  one  L/D  high 
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(slower  than  the  glide  slope  airspeed)  on  the  qlide  slope  and  one  h/D  low  (high  speed) 
on  the  qlide  slope.  The  start  of  descent  for  these  conditions  was  12,000  feet  altitude. 
This,  of  course,  would  bo  an  extreme  case  from  an  operational  viewpoint  and  would  Le 
more  representative  of  a space  shuttle  approach. 

The  second  characteristic  of  the  velocity  convergence  relationship  is  also  associ- 
ated with  the  bracketed  parameters.  The  ratio  of  L/D  for  stabilized  olidc  slope  to  the 
instantaneous  h/D  controls,  to  a groat  extent,  the  velocity  convergent  characteristics. 
This  characteristic  is  dependent  lot),  on  the  magnitude  of  the  elide  slope  h/D  and  on 
the  local  slope  of  h/D  curve  at  the  olidc  slope  h/D.  To  better  study  these  effects, 
typical  L/D  curves  for  Loth  transport  and  fighter  aircraft  were  defined.  (Fiaurc  0) 

The  transport  curves  cover  a range  of  idle  power,  landing  configuration  h/D  character- 
istics for  larger  transport  aircraft  including  tl  e PC-135A  with  both  30  and  !30  degrees 
flaps  and  the  C-5.  The  fighter  curves  include  the  idle  power,  landing  configuration 
characteristics  of  the  T-3C  aircraft.  (Tic  T-38  and  F-5B  are  essentially  eouivalent 
in  aerodynamic  characteristics.) 


A nunLer  of  glide  slope  L/D 1 s were  selected  on  the  front  side  of  each  curve  and 
the  local  slope  (d(L/D)/dCj)  were  measured.  From  these  data,  velocity  convergence  char- 
acteristics were  computed  using  eouation  (1)  and  the  following  relationships: 


L/D 


L/,dgs 


+ acl 


d (L/D) 
"aCL- 


(2) 


where 


AC 


L 


and 


C 


I. 


295  nz(Wt/E) 

~ 

c 


(3) 


The  velocity  convergence  cl  aractorictics  for  transport  and  fighter  aircraft  are  presented 
in  figures  7 and  E respectively-,  for  a vir.g  loading  (Wt/S)  of  f.o  pounds  per  sruare  foot. 
Velocity  convergence  is  for  initial  speeds  of  V plus  20  knots  down  to  v plus  five 

cr,r  *V.r 

knots.  Since  the  velocity  convergence  is  also  a weal,  function  of  altitude  (o  and  A,) 
convoroence  was  computed  for  altitudes  of  less  than  7, noo  foot. 

Dome  interesting  characteristics  emerge  from  those  data.  The  transport  data  shown 
that  at  the  higher  values  of  d(L/D)/dCT  the  lower  L/D 's  result  in  a areatcr  altitude  loss 

Jj 

to  effect  a qivon  velocit"  convorqence.  7t  low  valuer,  of  d(L/D)/dC  , the  opposite  is 

4J 

true.  The  crossover  area  occurs  h.etwecn  slopes  of  eight  (R ) and  twelve  (12)  and  an 
associated  altitude  loss  of  around  4,000  feet  altitude.  Although  the  same  crossover 
characteristic  is  not  evident  in  the  case  of  the  fighter  aircraft  (figure  E),  the 
minimum  altitude  loss  is  again  about  4,000  feet  and  the  d(I/D)/dC  slopes  are  between 
eight  (0)  and  twelve  (12)  . 

Another  intercstina  feature  of  these  curves  are  that  at  ver'’  low  slopes,  the  alti- 
tude loss  for  velocity  corvcrnonce  increases  rapidlv.  This  is  to  be  expected  since  these 
slopes  are  representative  of  the  top  of  the  L/D  curve  where  velocity  convergence  is 
weak  or  non-existent. 


VII.  IDLF  POWTP.  ArrnOAC!!  CHARACTHRICTIC  or  PI.'PP.Ef  EIITA.TIVE  AIRCRAFT 

Idle  power  apnroacl  characteristics  were  investigated  for  three  L'.f.  7.ir  Force 
aircraft.  These  were  tie  0-5A,  KC-13DA,  and  T-33A  aircraft.  bach  aircraft  was 
examined  to  determine  if  its  idle  power  approach  characteristics  would  permit  an  idle 
power  approach.  Then  knowinq  the  approacl  characteristics.,  tl e flare  and  landinq 
were  examined  to  determine  the  aim  point  and  deceleration  distance  to  touchdown. 
Deceleration  distance  due  to  wciqht,  touchdown  speed  and  h/D  variations  were  also 
investioatod.  The  KC-J  357.  and  the  T-38A  will  be  presented  here  in  that  they  represent 
the  extremes  for  the  aircraft  investiqated. 

riqurc  9 presents  the  h/D  characteristics  of  tie  KC-135A  for  the  landinq  configura- 
tion (30  degree  flaps).  It  will  1c  noted  that  the  effective  lift  to  drag  ratio  (L/D^^) 

characteristics  chanoc  slightl”  lit!  cross  vciqlt.  This  i"  due  to  the  sliqht  variation 
in  idle  thrust  as  a function  of  airspeed.  7lso  noted  arc  t' c flap  limit  speeds  for 
the  various  gross  weights.  A 1 Iowa)  lc  L/D  variations  are  not  significantly  restricted 
by  the  flan  l:r.it  speed  except  for  tie  hiqhcst  gross  wciqht  case.  Also  noted  are  tie 
normal  approacl  conditions. 
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The  conditions  associated  with  approach,  flare  and  touchdown  are  shown  in  table  I. 
The  approach  glide  slope  ancle  for  this  configuration  was  5.8  degrees.  Assuming  that 


WEIGHT 

(LBS) 

APPROACH 

L/D 

APPROACH 

SPEED  V. 
e 

(KNOTS) 

APPROACH 

ANGLE 

ALTITUDE 

EXPENDED 

DURING 

FLARE 

(FEET) 

END  OF 
FLARE 
SPEED  V, 

(KNOTS) 

DISTANCE 
FROM  AIM 
POINT  TO 
TOUCHDOWN 
(FEET) 

TOUCHDOWN 
SPEED  Ve 

(KNOTS) 

211,450 

9.41 

191 

5.8° 

58 

190 

4023 

159 

177,300 

9.41 

181 

5.8" 

52 

179 

4169 

146 

121,100 

9.41 

156 



5.8° 

39 

155 

3438 

121 

Table  I.  L/D  Front  Side  Approach  end  Landing  Characteristics 
KC-135A  Landing  Configuration  (30°  Flaps) 


the  aim  point  would  be  located  3000  feet  from  runway  threshold,  this  glide  slope  would 
place  the  airplane  at  311  feet  above  qround  level  (AGL)  one  nautical  mile  off  the 
approach  end  of  the  runway,  at  idle  power.  Using  conventional  approach  techninues 
the  airplane  would  be  at  heiqht  of  318  feet  and  would  be  carrying  40-45  percent  of 
rated  thrust. 

Fiqure  10  presents  touchdown  dispersion  from  the  aim  points  as  a function  of  air- 
craft qross  veiqht . Touchdown  dispersion  is  presented  for  being  both  5 knots  fast  and 
5 knots  slow  at  the  start  of  flare,  in  addition  to  touchdown  dispersion  for  an  on 
speed  condition.  These  dispersions  are  about  the  same  as  those  encountered  during 
normal  landing  operations. 

The  T-38A  L/D  curves  for  idle  power  approach  are  presented  in  fiqure  11.  The 
approach  speed  were  well  within  the  flap  limit  speed  of  220  knots.  Touchdown  disper- 
sions, presented  in  fiqure  12,  were  less  than  900  feet  for  the  qross  veiqht  variations 
which  were  studied.  In  this  cane,  the  deceleration  distances  were  about  the  same  as 
for  the  KC-135A  and  would  reouire  selection  of  an  aim  point  approximately  3,000  feet 
before  runway  threshold.  The  conditions  associated  with  approach.,  flare  and  touch- 
down are  shown  in  table  II. 


WEIGHT 

(LBS) 

APPROACH 

L/D 

APPROACH 
SPEED  V# 

(KNOTS) 

APPROACH 

ANGLE 

ALTITUDE 

EXPENDED 

DURING 

FLARE 

(FEET) 

END  OF 
FLARE 
SPEED  Ve 

(KNOTS) 

DISTANCE 
FROM  AIM 
POINT  TO 
TOUCHDOWN 
(FEET) 

TOUCHDOWN 
SPEED  Ve 

(KNOTS) 

12,000 

5.05 

206 

10.5° 

222 

195 

4366 

150 

9,000 

5.2 

178 

10.5° 

167 

170 

3462 

129 

Tible  II.  L/D  Front  Side  Approtch  and  Landing  Characteristics 
T-38A  landing  Configuration 


Touchdown  dispersion  was  investigated  by  Kock,  Fulton  and  Drinkwater  III  (reference 
2)  usir.g  a CV-990,  four  jet  engine,  commercial  aircraft.  A ground  command  guidance 
system  transmitted  glide  slope  and  localizer  error  to  the  aircraft  for  display  to 
the  pilot  (ILF  type  presentation).  Hooded  approaches,  on  11  or  12  dcqree  glide  slopes, 
were  made  down  to  600  feet  AGL  whore  the  pilot  initiated  a visual  flare  and  touchdown. 
Touchdovm  dispersions  for  the  25  approaches  made  under  these  conditions  are  presented 
in  figure  13.  The  variations  experienced  in  these  tests  are  shown  to  be  about  +800 
feet,  again  within  operational  tolerance. 

The  handling  characteristics  of  this  aircraft  were  considered  to  be  .representa- 
tive of  this  class  of  airplane,  with  the  exception  of  lateral  control  forces,  which 
are  high."  The  Dutch  roll  characteristics  were  also  poorer  than  would  normally  be 
encountered  in  present  commercial  aircraft,  particularly  since  this  aircraft  did  not 
incorporate  any  stability  augmentation.  In  spite  of  these  deficiencies  it  was 
reported  that:  "No  unusual  stability  and  control  requirements  were  encountered  durinq 

these  tests,  and  the  approach  technique  itself,  in  which  high  speeds  were  used,  allowed 


. 
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better  airplane  response  than  is  possible  at  the  constant,  lower  speeds  of  a conventional 
approach." 

VIII.  OTHER  ADVANTAGES  AMD  DISADVANTAGES 

There  are  other  significant  advantages  of  this  approach  technique,  in  addition  to 
the  advantages  already  mentioned.  These  aret 

1.  Noise  abatement  which  would  acrue  from  both  the  steeper  approach  and  lower 
power  settings  (probably  idle)  attendant  with  the  front  side  approach. 

2.  Landings  could  be  continued  with  minimal  interruption  and  additional  pilot 
workload  in  the  event  of  power  loss  during  landing  approach. 

3.  If  a missed  approach  is  required,  it  may  be  initiated  with  the  advantage  that 
the  approacli  speed  is  closer  to  best  enqine  out  or  missed  approach  climb  speed. 

Implementation  of  front  side  L/D  approach  is  not  without  its  problems.  The  major 
drawback  in  that  the  present  instrument  landing  systems  could  handle  this  type  of 
approach  only  with  a sophisticated  onboard  guidance  system.  Present  instrument  landing 
systems  do  not  provide  for  multiple  glide  Riopc  selection  (reference  3) , and  nor"  than 
one  aim  point  may  be  reouired  to  handle  all  aircraft  with  acceptable  touchdown  d.spersion. 

The  higher  descent  rates  attendant  with  the  higher  approacli  speeds  and  steeper 
approach  angles  would  seem  to  dictate  a two  segment  glide  slope  approach  in  order  to  be 
compatible  with  the  present  Category  Two  IFR  rules.  This  may  best  be  done  by  a transi- 
tion from  the  steeper  glide  slope  to  a 1-2  degree  glide  slope. 

Another  potential  problem  area  is  flap  limit  speeds  because  at  the  heavier  gross 
weights  investigated  the  front  side  L/D  approach  speed  was  close  to  the  flap  limit  speeds. 
In  some  instances,  aircraft  design  changes  may  be  required  to  alleviate  this  area  of 
concern,  or  approaches  miqht  have  to  be  made  at  partial  flap  deflection. 

IN.  CONCLUSION 


In  summarv  it  can  bo  said  that  the  advantages  associated  with  performing  the 
landing  approach  on  the  front  side  of  the  L/D  curve  are  both  numerous  and  significant. 
While  there  are  some  identified  problem  areas,  this  concept  merits  further  consideration 
and  study  in  an  effort  to  improve  safety  for  this  most  critical  phase  of  flight. 
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Figure  6.  Typical  L/0  Characteristics 
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Figure  8.  Typical  Velocity  Convergence  Fighter  Aircraft 
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Figure  11.  T-38A  Landing  Configuration 


Figure  12.  T-38A  Landing  Configuration 


Figure  13.  Touchdown  Dispersion  Data  for  CV-990  Ground  Comwnd  Guidance  Approaches 
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Summary 

The  trends  in  aircraft  approach  and  landing  procedures  are  such  that  Increasingly  noise  abate- 
ment constraints  impact  on  vehicle  flying  (handling)  qualities. 

A ground-based  flight  simulator  program  and  concurrently  a flight  test  program  were  conducted 
at  the  Institut  fdr  Flugmechanik  of  the  DFVLR  Research  Center  Braunschweig  using  a MBB-HFB-320 
Hansa  Jet  airplane  which  was  retrofitted  with  an  analogue  fly-by-wire  flap  and  thrust  control 
system.  The  direct-lift  control  system  was  used  for  alleviating  handling  qualities  problems 
during  steep  noise-abatement  landing  approaches. 

A variable  direct  lift  control  system  was  made  feasible  for  optimization  purposes  by  changing 
the  gearing  ratio  of  the  electric  flap-elevator  interconnect.  Facilitation  in  pilot's  workload 
and  improvements  in  flight  path  control  were  analyzed  by  statistical  methods.  Experiences 
gained  by  flight  test  results  and  noise  measurements  show  that  routine  2-segment  noise-abate- 
ment approach  paths  can  be  introduced  successfully  when  adequate  path  guidance,  quick-response 
flight  path  corrections  and  minimum  throttle  activity  are  possible. 

1.  Introduction 

Noise  annoyance  by  aircraft  during  take-off  and  landing  has  become  a serious  environmental  problem. 
Citizens  affected  by  noise,  form  groups  demanding  restrictions  to  air  traffic  and  airports.  Approx,  seventy- 
five  percent  of  all  complaints  apply  to  landing  aircraft  which  approach  the  airports  at  low  altitudes  and 
hight  thrust  levels  (fig.  1). 

Many  of  today's  aircraft  types  still  exceed  the  FAA  noise  limits  when  starting  or  landing.  A certain 
number  have  been  phased  out  already  or  will  be  replaced  in  the  near  future  by  aircraft  of  the  "quiet  gene- 
ration", as,  for  instance,  the  widebodied  DC-10,  Tristar,  B 747  B,  the  Citation,  and  many  others.  These 
aircraft  represent  the  realization  of  the  development  of  "quiet  engines",  which  are  one  major  accomplish- 
ment towards  noise  reduction. 

Apart  from  technological  progress,  eliminating  the  noise  at  its  source,  the  application  of 
advanced  approach  and  departure  procedures  can  help  to  reduce  disturbing  aircraft  noise. 

Stimulated  by  the  investigations  of  methods  of  reducing  the  noise  of  jet  aircraft  during  take-off 
and  landing  at  the  NASA  Ames  and  Langley  Research  Centers  (ref.  1)  and  in  view  of  severe  noise  problems 
in  the  Federal  Republic  of  Germany,  the  DFVLR  is  currently  conducting  theoretical  studies  (ref.  2)  and 
flight  tests  in  the  field  of  aircraft  noise  (ref.  3).  An  overall  survey  on  problems  associated  with 
noise-abatement  flight  path  profiles  for  CTOL  and  V/STOL  aircraft  can  be  found  for  example  in  reference  u. 

Noise  reducing  departure  procedures  are  achieved  by  a steeper  climb  angle  which  results  in  a faster 
increase  of  the  distance  between  the  observer  on  the  ground  and  the  source  of  the  noise.  Throttling  the 
engines,  i.e.  by  diminishing  the  intensity  of  the  noise  source  is  a further  possibility  to  reduce  at 
least  the  jet  noise  in  limited  areas.  Finally,  an  increase  of  the  flight  speed  in  order  to  shorten  the 
duration  of  the  noise  exposure  reduces  the  subjective  noise  annoyance.  Based  on  a number  of  theoretical 
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and  experimental  evaluations,  such  departure  procedures  are  practiced  world-wide  by  the  airlines. 

On  the  contrary,  noise-abatement  approach  techniques  do  create  problems,  night  tests  have  shown 
that  a remarkable  noise  reduction  would  result  from  steeper  angles  of  descent,  ranging  for  CTOL  aircraft 
from  four  to  seven  degrees.  However,  several  problem  areas  like  rate  of  descent  near  ground,  flight~path 
control,  pilot's  workload, guidance  and  display  information  and  engine  response  have  to  be  taken  carefully 
into  account.  Although  two-segment  steep  approaches  appear  to  be  a feasible  way  of  reducing  airport  noise 
and  appropriate  procedures  are  introduced  into  U.S.  airline  services,  there  is  still  the  need  to  identify 
problem  areas  for  further  refinement  before  such  procedures  can  be  applied  world-wide. 

It  is  the  purpose  of  this  paper  to  define  and  discuss  problem  areas  of  steep  noise-abatement  landing 
procedures  from  a flight  mechanics  standpoint.  Flight  test  results  of  the  DFVLR  research  aircraft  MBB- 
HFB-320  are  presented.  This  aircraft  (fig.  2)  is  equipped  with  a special  analogue  fly-by-wire  direct-lift 
and  throttle  control  system.  Since  an  increased  number  of  small  executive  jets  are  flying  from  private 
and  regional  airstrips,  the  aircraft  noise  problem  has  been  spread  out  to  additional  thousands  of  residen- 
tal  areas.  For  this  reason,  the  DFVLR-flight  tests  with  a business-type  aircraft  are  of  special  actual 
importance. 

2.  List  of  Symbols 

CAP  control  anticipation  parameter 

DbC  direct  lift  control 

DOT  cross-pointer  scale 

K flap-to-elevator  gearing  ratio 

1 distance  CG-Pilot 

P 

Mw  pitching  acceleration  due  to  velocity  w 

Hj  pitching  acceleration  due  to  control  deflection  6 

frequency-dependent  pitching  acceleration  due  to  control  deflection  S 

n_  vertical  load  factor 

z 

n steady-state  load  factor 

zss 

nza  load  factor  angle  of  attack  sensitivity 

q pitch  rate 

s Laplace-variable 

T time  constant  in  y/6  numerator 

w e 

TQ„  time  constant  in  0/S  numerator 

v i e 

Uq  aircraft  steady-state  velocity 

w vertical  velocity  perturbation 

Zw  acceleration  along  Z axis  due  to  velocity  w 

{ acceleration  along  Z axis  due  to  control  deflection  6 

a angle  of  attack 

y flight  path  angle 

6 elevator  deflection 

e 

5^  flap  deflection 

6 ^ throttle  deflection 

0 pitch  attitude 

8 instantaneous  angular  pitching  acceleration 

6 standard  deviation 

wrsp  undamped  natural  frequency  of  short-period  mode 

up  pilot  induced  pumping  frequency 
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3. 


Steep  Approach  Handling  Qualities  Problems 

Control  decoupling 


3.1 

Precise  control  response  of  the  symmetrical  motion  of  an  aircraft  along  its  flight  path  during  the 
landing  approach  needs  an  accurate  and  easily  interpretable  guidance  information.  This  will  permit  the 
pilot  to  determine  his  flight  path  error  correctly.  The  reduction  of  the  error  requires  that  the  flying 
qualities  of  the  aircraft  are  satisfactory.  Only  the  combination  of  satisfactory  flight  path  information 
and  flying  qualities  will  result  in  satisfactory  control  characteristics. 

During  landing  approach  the  pilot  lays  strong  emphasis  on  his  ability  to  control  altitude. 

Decoupling  of  the  two  basic  flight  path  response  variables  of  the  aircraft  that, is  altitude  and  speed, 
presents  one  aspect  of  a possible  simplification  of  the  pilot's  control  task.  Looking  at  the  conventional 
aircraft  control  inputs,  elevator  pi  ch  control  and  throttle  thrust  control;  it  is  necessary  for  the 
pilot  to  coordinate  carefully  the  use  of  thrust  and  elevator  if  an  altitude  change  is  to  be  made  without  change 
of  speed  or  vice  versa.  Thus,  uncoupling  of  up-down  and  slow- fast  control  manually  requires  proper  tuning 
and  coordination  of  elevator  and  throttle.  This  usually  results  in  an  increase  of  pilot's  workload. 

On  steep  approaches  the  necessary  throttling-back  of  engine  power,  sometimes  down  to  idle,  generates 
additional  flight  path  tracking  problems.  The  slow  response  of  jet  engines  and  especially  fan-jet  engines 
to  throttle  commands  particularly  at  low  thrust  levels  requires  the  pilot  to  generate  some  onase  lead. 

This  is  very  important  in  the  flare  phase  or  intercept  phase  of  a two-segment  noise-abatement  approach. 

From  this,  it  is  evident  that  for  precise  flight  path  control  the  manual  decoupling  scheme  up-down  and 
slow-fast,  using  conventional  pitch  and  throttle  control  inputs,  is  difficult  to  be  applied  for  steep 
approaches. 


3.2  Control  anticipation  parameter 

It  has  been  shown  for  manual  flight  path  control  that  the  pitch  acceleration  response  of  the 
fuselage  is  of  concern  to  the  pilot  when  he  initiates  a maneuver,  and  that  the  steady  state  response  of 
concern  is  the  normal  load  factor  nzsg  of  the  using  experienced  in  a pull-up.  The  ratio  of  both  values 
is  defined  by  Bihrle  as  control  anticipation  parameter  (ref,  5) 
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In  the  case  of  conventionally  controlled  aircraft  (elevator  control),  the  control  forces  are 
usually  neglected,  thus, 

2 

CAP  = (3) 

nza 

On  the  basis  of  CAP,  requirements  of  short-period  frequency  and  acceleration  sensitivity  have  been 

2 

established  (ref.  6).  If  an  aircraft  has  a CAP  value  which  is  too  small,  (CAP  < 0.16  rad/sec  g),  the  pilot 
tends  to  overcontrol, rating  response  as  sluggish.  On  the  other  hand,  if  the  CAP  is  too  large, 

(CAP  > 3.6  rad/sec  g),  the  pilot  tends  to  undershoot  his  desired  flight  path, rating  the  response  as  abrupt 
and  too  sensitive.  In  both  cases  manual  decoupled  maneuvers  become  impossible. 
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The  pilot  of  a low  CAP-aircraft  may  apply  for  precision  tasks  a special  control  technique  which 

Involves  a sinusoidal  pumping  of  the  pitch  control  surface  in  order  to  excite  and  sense  an  airframe 

response  in  angular  acceleration  see  also  (ref.  5).  figure  3 shows  a time  history  of  a typical  control 

surface  pumping  incident  of  the  HFB-320  during  final  approach.  The  pumping  frequeny  is  about  three 

times  higher  than  the  short  period  frequency  w of  the  aircraft,  thus,  a sufficiently  high  value  for 

nsp 

obtaining  maximum  angular  acceleration  with  a minimum  of  phase-shift  between  control  input  and  pitch 

2 

acceleration.  The  CAP-value  for  the  HrB-320  in  the  landing  configuration  is  about  0.3  rad/sec  g.  for 
comparison,  similar  results  for  the  T-84  F and  T-105  aircraft  are  included  from  reference  5 in  the  pitch 
acceleration  frequency  response  curves. 

4.  Direct  Lift  Control 

4.1  General 

The  possibility  of  applying  direct  lift  control  (DLC)  of  vertical  movements  could  enhance  aircraft 
effectiveness  for  precise  flight  path  control  on  steep  two-segment  noise-abatement  approaches.  An  ideal 
DLC-system  would  permit  an  aircraft  to  translate  without  rotating  as  in  conventional  pitch  control  systems, 
thereby  eliminating  the  troublesome  transients,  lags  and  overshoots  resulting  from  coordinated  maneuvers. 

An  excellent  review  on  the  understanding  of  the  possibilities  and  problems  applying  direct  lift  control 
was  given  by  W.J.G.  Pinsker  (ref.  7).  The  possibilities,  problems  and  pitfalls  associated  with  the  appli- 
cation of  direct  lift  control  are  discussed  in  the  following.  Special  applications  will  be  given  for  the 
HFB-320  research  aircraft. 

Direct  flight  path  control  of  conventional  aircraft  with  pitch  control  systems  (elevator)  is  diffi- 
cult due  to  the  aircraft's  aforementioned  response  lags.  Thus,  the  pilot  i:  required  to  generate  some 
lead  for  satisfactory  aircraft  flight  path  response.  A flight  director  for  example  gives  the  pilot  some 
lead  information  about  necessary  pitch  changes.  But  the  flight  director  cannot  compensate  the  flight  path 
lag  if  the  elevator  is  the  only  control  device.  Direct  lift  control  is  a possibility  to  overcome  the 
problem.  Some  insight  can  be  obtained  from  the  following  manipulations  with  the  flight  path  angle  - 
pitch  attitude  transfer  function  (short  period  approximation) 
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For  aircraft  with  elevator  the  y/O-transfer  function  is  approximately  given  by 
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where  the  time  lag  constant  Tg?  is  directly  related  to  the  amount  of  aerodynamic  heave  damping  Zw 
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If  direct  lift  control  is  applied,  eq.  (8)  is  valid.  In  this  case  a variation  of  the  control 
derivatives  and  Z^  alter  the  "high  frequency"  zeroes  which  influence  the  initial  y/0  response  of  the 
aircraft.  Then  with  proper  tuning  of  the  control  margin  M^/Z^  The  direct  lift  control  system  gives  the 
pilot  sufficient  lead  for  a precision  flight  path  control  task. 
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A simple  moans  of  changing  the  control  margin  M^/Z^  with  DLC  of  the  HTB  320  is  t lie  electric 
interconnect  between  elevator  and  flap  (fig.  4).  The  influence  of  different  flap-to-elevator  gearings  K 
on  the  flight  path  response  is  shown  in  figure  A. 


4 . 2 flat-elevator  gearing 

Note  that  flap  deflection  rate  is  about  10  degrees  per  second.  Tor  K = 0 the  sample  elevator 
controlled  aircraft  (pitch  control)  demonstrates  the  known  lag  between  pitch  attitude  and  flight  path 
response.  With  increasing  K the  flight  path  response  is  quickened  whereas  in  the  pitch  attitude  reaction 
a time  lag  is  developed.  Tor  the  gearing  ratio  K = -6  is  the  flight  path  response  similar  to  the  pitch 
attitude  response.  In  this  case  the  pilot  can  read  the  direct  information  of  the  actual  flight  path  from 
the  pitch  attitude  changes  indicated.  Theoretically,  one  can  show  that  for  this  condition  the  time 
constant  Tw  must  be  infinite,  thus,  from  eq.  (7)  one  yields  the  expression 


(11) 


At  a gearing  ratio  of  K = -15  the  flight  path  response  in  the  initial  phase  is  accomplished  with 
practically  no  pitch  changes. 

The  optimum  gearing  ratio  for  DLC  is  difficult  to  define.  Thus  far  the  limited  experience  with 
DLC  up  to  date  give  no  clear  information  about  the  way  in  which  the  DLC  should  be  mechanized  to  improve 
the  flying  qualities.  It  can  be  stated  from  time  histories  and  statistical  analyses  of  flight  mechanics 
variables  that  DLC  can  improve  precise  flight  path  control.  But  there  are  no  handling  qualities  criteria 
which  could  be  readily  applied  for  DLC  applications. 


4.  3 Modified  Control  anticipation  parameter 

The  change  of  the  control  anticipation  parameter  CAP  applicable  for  pitch  control  aircraft  gives 
misleading  results  when  applied  for  DLC-purposes.  figure  6 shows  the  computed  CAP-variation  for  the  HFB- 
323  as  a function  of  the  gearing  ratio  K.  Since  the  CAP-value  weighs  the  initial  angular  acceleration  and 
not  the  initial  vertical  acceleration  the  values  degrade  with  increasing  K.  Thus,  it  is  suggested  to 
discuss  a modified  parameter  CAP*  which  takes  also  the  initial  vertical  acceleration  of  the  aircraft  at 
the  CG  into  account.  In  contrary  to  eq.  (1)  the  modified  expression  can  then  be  written  as 
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or  with  respect  to  eq.  (2) 
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The  change  of  CAP  with  the  DLC-gearing  ratio  K is  given  in  figure  6.  The  practical  problem  is  now 

whether  it  is  possible  to  establish  for  DLC  control  tasks  corresponding  upper  and  lower  limits  to  the 

« 

CAP  value  from  a handling  qualities  standpoint  such  as  they  were  found  for  the  CAP-criterion  relevant 
to  pitch  control. 


The  mutual  connect  between  the  initial  pitch  and  initial  vertical  acceleration  at  the  CG  in  the  case 
of  direct  lift  control  can  also  be  seen  from  the  ratio 
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This  relation  is  changed  directly  by  the  K-dependent  DLC  control  margin  M^/Z^  and  Mooij  referred  to  it  as 

*)  The  authors  wish  to  acknowledge  the  discussion  contribution  on  this  subject  of  A.G.  Barnes,  British 
Aircraft  Corporation  Limited,  U.K. 


a possible  DLC  handling  qualities  parameter  (ref.  8). 


4.4  Unsteady  control  aerodynamics 


In  the  preliminary  phase  of  flight  tests  with  the  HrB-320  research  aircraft  some  important 
stability  and  control  derivatives  were  extracted  from  In-flight  measurements.  These  aircraft  parameters 
were  needed  not  only  to  determine  the  inherent  stability  and  control  characteristics  but  also  as  inputs 
for  the  ground  simulator  investigations.  Some  of  the  parameters  extracted  from  flight  measurements 
differed  considerably  from  predicted  values  (ref.  9).  Beyond  constant  aerodynamic  derivatives,  parameters 
were  identified  incorporating  nonlinear  and  unsteady  aerodynamic  effects.  The  latter  effects  were  mainly 
associated  with  the  flap  control  derivatives  which  are  of  special  importance  for  the  DLC-control  system. 
The  physical  background  for  these  unsteady  phenomena  is  not  quite  clear  but  it  is  assumed  that  unsteady 
local  flap  control  lift  lag  effects  (circulation  lag)  and  time-delay  effects  (flap-tail  downwash  lag) 
yield  the  main  contributions.  These  unsteady  aerodynamic  effects  on  the  flap  control  derivatives  were 
analytically  taken  into  account  by  a lead-lag  term.  Tor  example,  the  frequency-dependent  unsteady  flap 
control  moment  can  be  written  in  the  form 


1 t sT 
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where  describes  the  steady  flap  control  derivative  for  slow  motions  (s  - iw  = 0). 
In  figure  7 the  computed  overall  control  derivative 


HH, 
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for  DLC-applications  has  been  plotted  as  a function  of  the  flap-to-elevator  gearing  ratio  K,  For  K = 0 

(pitch  control)  and  low  frequencies  (w  = 0)  the  value  of  the  control  derivative  corresponds  to  the  steady 

elevator  control  derivative  , thus, 

e 


M,  (K  s 0,  u s 0)  = M,  = -3  1/sec  . 


For  a control  frequency  of  u - 2 rad/sec  which  is  slightly  above  the  short  period  mode  frequency  of 
about  1.2  to  1.4  rad/sec  the  effect  of  unsteady  aerodynamics  can  be  readily  seen  from  the  amplitude 

and  phase  plot  of  the  unsteady  control  derivative  M,.  The  phase-sensitivity  of  this  derivative  is 

° * 

especially  strong  in  the  DLC-region  of  the  flap-to-elevator  gearing  (K=K  ).  Thus,  an  optimum  flap-elevator 
gearing  for  DLC-puiposes  may  be  influenced  by  unsteady  control  aerodynamics. 


4.5  Long  term  effects  on  flight  path  control 

It  can  be  shown  that  the  long  term  (steady  state)  flight  path  response  due  to  a control  input  -an 
be  written  as  (velocity  derivatives  neglected) 
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The  first  term  respresents  the  flight  path  change  due  to  heaving,  and  the  second  term  incorporates  the 
pitching  contribution.  Thus,  the  effect  of  direct  lift  control  (DLC)  on  the  long  term  flight  path  response 
can  be  derived  from  the  first  (heave)  term  whereas  the  effect  of  conventional  pitch  control  can  be  read 
from  the  second  term.  Since  in  most  cases  the  aircraft  lift  and  drag  changes  due  to  elevator  control 
deflections,  that  is  C^j  and  C^,  are  negligible  there  is  a significant  influence  on  these  derivatives  if 
DLC  is  used  because  of  the  relatively  high  lift  ant  drag  changes  due  to  spoiler  or  flap  deflections. 

Figure  8 gives  an  impression  of  the  influence  of  C^  and  C^  on  flight  path  control  stability. 

Typical  positions  of  a Ci’OL  and  a STOL  aircraft  are  indicated,  the  latter  aircraft  operating  on  the 
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(unstable)  "backside"  of  the  drag-polar.  Pitch  control  shifts  the  reference  position  parallelly  to  the 
pitch  axis  whereas  direct  lift  control  will  generate  a shift  along  the  heave  axis.  Generating  direct  lift 
control  through  wing  flaps  will  lead  to  a positive  ratio  leading  to  a deterioration  of  long  term 

flight  path  control  stability  (upper  arrows).  On  the  other  hand,  using  spoilers  as  direct  lift  control 
devices,  the  ratio  is  negative  which  increases  the  long  term  flight  path  stability  (lower  arrows). 

As  the  high  vertical  load  factor  inducing  wing  flap  systems  are,  in  comparison  to  low  load  factor 
spoilers, preferable  as  direct  lift  controllers  for  quick  and  precise  flight  path  corrections  (short  term 
response),  attention  must  be  given  to  the  long  term  behaviour  of  DLC-flap  systems.  The  possibility  that 
the  long  term  flight  path  response  may  become  unstable,  would  demand  for  a drag  compensation  device  like 
an  autothrottle  system.  Since  an  autothrottle  system  will  have  to  work  with  phase  lags  due  to  internal 
engine  dynamics  and  varying,  thus,  disturbing  noise  characteristics,  a drag-changing  F-28-type  airhrake 
control  system  could  be  a better  alternative. 

5.  Aircraft  and  Test  Equipment 

A MBB-HFB-320  preproduction  two  engine  jet  aircraft,  shown  in  figure  2,  was  used  in  the  investigation. 
This  aircraft  is  equipped  with  an  analogue  fly-by-wire  flap  and  throttle  control  system.  Figure  9 gives  an 
overall  view  of  the  flight  test  equipment  and  system  integration. 

The  direct  lift  flaps  input  were  processed  by  an  on-board  analogue  computer.  The  electric  signal 
was  put  into  a position  feedback  control  system  which  was  directly  geared  to  both  the  torque-motors  for 
the  left  and  right  hand  landing  flap.  These  torque  motors  were  connected  through  a gear  box  to  the 
rotating  shafts  for  the  control  of  the  hydraulic  basic  flap  system.  By  a hydraulic  by-pass  the  basic 
hydraulic  actuators  were  modified  such  that  the  rate  of  the  flap  deflection  could  be  increased  to  10 
degrees/sec  .id. 

This  control  system  was  switched  and  observed  by  two  monitoring  systems  each  of  them  being 
located  in  the  cockpit  and  in  the  cabin,  respectively.  The  flap  control  input  signals  were  steered  by 
means  of  an  elevator  position  potentiometer.  The  measured  flight  test  data  were  recorded  via  telemetry 
on  the  ground  and  parallel  on  an  on-board  magnetic  tape.  The  DLC  control  schematic  of  the  electric  flap-to- 
elevator  interconnect  has  already  been  shown  in  figure  4.  The  steady  reference  flap  deflection  for  direct 
lift  control  purposes  was  adjusted  to  s 20°, 

6.  Flight  Test  Program 


6.1  Conventional  approaches 


For  selection  of  an  optimal  DLC  gearing  ratio  K conventional  2 ,5-ILS-approaches  were  undertaken  at 
altitudes  of  3800  ft  GHD.  The  evalulation  pilots  had  the  task  to  keep  the  aircraft  velocity  constant 
V = 150  kts.  and  to  control  the  flight  path  precisely  according  to  the  cross-pointer-instrument  information. 
The  electric  DLC-system  was  disconnected  at  a safety-altitude  of  500  ft  GND,  the  approach  interrupted  and 
a go-around  procedure  initiated  (ref. 10).  The  flight  tests  were  done  at  the  Hannover  airport. 


6.2  Steep  two-segment  approaches 

In  a second  flight  test  phase  steep  two-segment  approaches  were  carried  through  with  and  without  DLC. 
The  aim  of  these  test  flights  was  to  investigate  flyability  problems  of  steep  6°-  approaches  using  DLC. 
Since  no  ground-referenced  6 -glide  slope  was  available,  the  flight  path  had  to  be  computed  on-board  from 
the  measured  and  filtered  angle  of  attack  and  pitch  attitude  signals  taking  wind  gradients  into  account. 

The  steep  segment  approach  was  iritiated  on  the  localiser  at  8.44  n.m.  identified  by  radio  cross-bearing 
and  radarvectorirv.  The  intercept  maneuver  on  the  conventional  2,5°-ILS-glide  path  was  started  for 
safety-reasons  at  an  altitude  of  about  600  ft.  After  the  flight  path  transition  the  aircraft  configuration 
was  changed  to  the  procedure  approach  (V  = 120  kts,  = 50°). 
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7.  Presentation  of  Results 

7. 1 Conventional  approaches 

Before  steep  two-segment  approaches  were  investigated  and  analysed,  several  2.5°-ILS-approaches 
were  made  to  obtain  an  optimal  flap-to-elevator  gearing  ratio  K.  Direct  lift  control  with  K = -10 
significantly  improved  the  flight  path  tracking  capability  as  to  be  seen  from  figure  10.  The  standard 
deviations  of  the  ILS-signal,  the  pitch  attitude,  angle  of  attack  and  light  path  angle  are  plotted  for 
conventional  pitch  control  (K  - 0)  and  direct  lift  control  (K  = -10).  It  can  be  seen  that  the  ILS-  and 
flight  path  deviations  are  remarkably  reduced  when  DLC  is  applied.  Further,  decreased  standard  deviations 
of  pitch  attitude  and  angle  of  attack  are  apparent.  The  standard  deviation  of  the  DLC-flap  activity,  not 
shown  in  figure  10,  did  never  exceed  a value  of  3°, 

7 . 2 Steep  two-segment  approaches 

Time  histories  of  steep  two-segment  noise  abatement  approaches  with  and  without  DLC  are  shown  in 
figure  11  and  12.  The  variables  plotted  are  the  ILS-signal,  pitch  attitude,  flight  path  angle,  pitch 
rate,  flap,  throttle  and  elevator  deflection.  Both  approaches  were  made  by  the  same  pilot  and  during  the 
same  evaluation  mission.  The  transition  to  the  second  2.5°-segment  is  indicated  by  the  flight  path  angle 
change  on  the  right.  Comparison  of  the  time  histories  clearly  show  the  smoother  ride  of  the  aircraft  for 
the  direct  lift  controlled  steep  approach. 

Figure  13  compares  the  elevator,  flap  and  throttle  activity.  It  is  evident  that  with  DLC  the  elevator 
deflection  amplitudes  were  reduced  and  that  for  both  control  systems  no  throttle  activity  was  necessary 
due  to  the  low  DLC-flap  amplitudes  which  have  no  essential  influence  on  speed  hold. 

The  main  difference  in  handling  qualities  is  shown  by  the  comparison  of  pitch  attitude  and  flight 
path  angle  variations  (figure  14).  In  the  case  of  elevator  controlled  approach  the  known  lag  between 
Y and  0 is  evident  especially  for  the  transition  maneuver.  In  the  case  of  the  direct  lift  controlled 
approach  the  y-0  lag  disappears. 

The  pilots  were  of  the  opinion  that  by  means  of  direct  lift  control  glide  path  deviations  could 
exactly  be  compensated,  and  that  the  reduced  variations  in  the  pitch  attitude  were  perceived  as  pleasant. 
The  same  is  especially  true  for  flights  in  turbulence.  In  the  case  of  large-scale  maneuvers,  however, 
leading  to  greater  flap  deflections,  the  flap  induced  drag  had  to  be  compensated  by  thrust  changes  for 
speed  stability  reasons  (see  also  section  4,5). 

7.3  Aircraft  control  and  ground  noise 

The  ground  noise  caused  by  the  over-flying  aircraft  was  measured  by  the  DFVLR-Institut  fur  Antriebs- 
systeme  at  8 sites  underneath  the  approach  path  and  as  far  as  15  n.m.  away  from  the  runway  threshold.  A 
precision  ground  radar  of  the  DFVLR-Institut  fur  Flugfiihrung  was  used  to  measure  the  aircraft  position. 
Communication  existed  between  the  aircraft,  the  Hannover  tower,  the  ground  radar  and  the  central  ground 
noise  measuring  station. 

Figure  15  presents  measured  data  of  the  engine  thrust  und  the  ground  noise  for  a conventional 
approach  (A)  and  a steep  2-segment  approach  (C).  All  flights  were  done  with  a 20°-flap  setting  until  the 
conventional  2. 5°-IT.S-glide  path  was  intercepted.  During  the  final  approach,  the  aircraft  flap  setting 
was  increased  to  6^  - 50°.  The  associated  drag  rise  was  compensated  by  a specified  thrust  increase  which, 
in  turn,  resulted  in  a noise  increase  of  about  5 PNdB.  This  can  be  seen  from  the  knees  in  the  noise  curves. 

The  noise  reduction  potential  due  to  the  steep  two-segment  approach  procedure  is  noteworthy  in 
aeras  of  a length  of  about  10  to  15  km  (7  to  10  n.m.).  But  it  must  also  be  noted  that  inaccurate  flight 
path  guidance  and  high  or  changing  thrust  levels  may  deteriorate  the  noise-abating  effect  of  a steep 
approach.  From  figure  15  it  can  be  seen  how  strong  inadequate  guidance  due  to  insufficient  navigation 
aids  in  combination  with  a thrust  increase  for  a climb  maneuver  and  later  for  an  intercept  maneuver 
influences  the  noise  reduction  potential.  This  maneuver  was  flown  with  conventional  pitch  control. 
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A similar  maneuver  applying  direct  lift  control  is  shown  in  figure  16.  The  throttle  activity  could 
be  kept  lower  although  the  climb  maneuver  at  the  beginning  is  again  from  the  noise-standpoint  of 
disadvantage,  Nevertheless,  the  intercept  maneuver  could  smoothly  be  flown  without  additional  noise 
spreading, 

Thus,  adequate  flight  path  information  and  aircraft  guidance  and  control  are  prerequisites  for  the 
excellent  noise-reduction  potential  of  steep  two-segment  approach  flight  paths. 

8.  Conclusions  and  Outlook 

It  was  the  purpose  of  this  paper  to  give  a survey  over  the  first  phase  of  a flight  test  program 
in  the  Federal  Republik  of  Germany  in  the  field  of  noise-abatement  flight  path  profiles  using  a business- 
type  aircraft  equipped  with  electric-signalling  direct  lift  and  throttle  control.  Some  of  the  main 
conclusions  which  emerge  from  this  review  are  as  follows: 

1)  Control  decoupling  of  the  in-plane  motion  is  difficult  to  mechanize  with  conventional  elevator  and 
thrust  control  due  to  inherent  aircraft  and  control  dynamics. 

2)  Direct  lift  control  through  a combined  and  optimized  flap-elevator  control  system  shows  promise  for 
control  decoupling. 

3)  Flight  test  experience  has  indicated  that  for  short  term  precise  flight  path  tracking  with  flap-type 
direct  lift  control  no  thrust  compensation  is  necessary. 

4)  Optimum  flap-elevator  gearing  for  DLC-purposes  may  be  influenced  by  unsteady  control  aerodynamics. 

5)  For  long  term  flight  path  control  and  large-scale  maneuvers  some  means  of  drag  compensating  device 
is  necessary. 

6)  DLC-handling  qualities  criteria  are  not  readily  available. 

7)  A possibility  for  a modified  CAP-criterion  with  respect  to  DLC-handling  qualities  is  discussed. 

8)  Steep  two-segment  noise-abatement  flight  path  profiles  can  be  flown  beneficially  with  DLC, 

9)  The  noise  reduction  potential  of  steep  two-segment  approach  paths  is  influenced  by  inadequate  guidance. 

10)  Throttle  activity  during  steep  noise-abatement  approaches  must  be  kept  to  a minimum. 

For  summer  1974  a second  flight  test  program  is  provided  with  improved  instrumentation  and 
limited  variable  stability  characteristics.  These  flight  tests  will  be  carried  through  in  a cooperative 
program  with  the  U.S.  Air  Force.  The  tests  will  include  investigations  of  Loth  inner  loop  and  outer  loop 
problems  during  steep  landing  approach  and  define  mechanization  and  response  requirements  for  DLC  and 
automatic  throttle.  A TALAR  IV  high  angle  guidance  system  will  be  available  for  accurate  flight  path 
information. 
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praxe 


L* evolution  d-js  avions  et  das  equipsmonts  ainsi  qua  celle  des  conditions  das  eaaais  iraposent 
l'utilisation  de  proced4s  nouveaux  de  trajectographie  du  decollage  et  de  l'atterrissage. 

Parmi  les  moyens  inplsntds  au  sol  le  radar  LASER  par  les  possibility  d'intdgration  qu'il 
permet  et  par  sa  pr  ecision  se  rdvHe  un  noyen  adapts  pour  les  trajectographie s precises  requioes,  par 
example,  dans  les  essais  d'equinements  d'atterrissago  tout  temps. 

Les  noyens  erabarquds  utili3»nt  les  centrales  & inertie  pourront  k condition  que  l'on  use  d'une 
procedure  de  correction,  couvrir  lea  besoins  de  trajectographie  des  performances  tout  en  rendant  1' avion 
independent  de  sa  base  d'essaia. 


Symboles  utilises 
Trajectographie  par  radar  LASER 

3 i Site  du  mobile  par  rapport  h la  station 
0 : Ci3enent  du  mobile  par  rapport  h la  station 
AS  : Ecart  de  poursuite  en  site 
AG  i Ecart  de  poursuite  en  gisement 
D s Distance  tdldmetrique . 

Trajectographie  par  moyens  internes  : 

x : position  le  long  de  l'axe  de  navigation 
i,  i*j  d^rivdes  successives  de  x par  rapport  au  temps 
g s acceleration  de  la  pesanteur 
R s rayon  terrestre 
GO  s pulsation  de  SchUler 

b,  Ka:  biais  et  faoteur  d'dchelle  acceierometriquss 
£,  Kg:  derive  instantan4e  et  faoteur  d'^chelle  gyroscopiques 
it  t erreur  de  verti  "sale 
A x : erreur  de  position 

io,  A xo,  io  i valeurs  initiales  des  erreurs 
Co  c i defilement  command 4 

Position  du  probleme 

Parmi  les  mesurea  importantes  oonoernant  les  essais  de  d4collage  et  d'atterrisBage  figurant 
cellos  traitant  de  la  position  et  de  la  vitesse  de  l'avion  au  cours  de  ces  essais,  et  pr4sentant  les 
donn4es  propres  k permettre  la  nise  au  point  et  la  certification. 

En  fait  ces  mesures  sont  la  base  principals  qui  permet  de  juger  l'a4ronef,  tant  en  oe  qui 
conceme  les  performances  elles-mSraes  que  celles  obtenueB  par  utilisation  des  syst&mes  associes. 

Devolution  des  avions  et  des  dquipements,  ainsi  que  celles  des  conditions  d'essaia  a amen4 
les  responsablas  a orienter  celle  des  syst^mes  de  raesure  en  fonction  d'un  certain  nombre  d'imperatifs 
parmi  lesquels  nous  retiendrons  les  suivants  : 

- acoroisaement  des  precisions  afin  de  couvrir  les  crit&res  type  catdgorie  III 

- reccourcissement  des  d4lais  d'obtention  des  rdsultats  (temps  r4el  ou  formule  "Quick  look"); 

- autonomie  du  systems. 
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II  eat  bien  aur  normal  qu'un  aeul  ayat&me,  no  pulnsa  oouvrlr  touo  osj  lin;»  ratifs}  aunsi,  il  a 
dtd  ohoifll  de  nenor  - outre  den  dtudes  tendant  h amdliorer  Sexploitation  dee  aysiumea  exiotanta  - dee 
dtudea  nur  deux  typce  de  ayat&mes  nouveaux  i 

- le  radar  LASER  i l'utilisation  d'une  station  LASER  doit  satiafaire  lea  impdratifs  de  oreci- 
aion^de  racceurcisseraent  dea  ddlale.  Cette  dtude  a about!  ii  la  definition  ev  la  rdallsation 
de  la  station  S'i’RADA,  implantde  au  C.E.V.  (Centre  d'Esoais  en  Vol)  de  BRETIGt/Y. 

- lea  moyens  inertiela,  qui  oonduisent  aux  meaurea  par  rao.yena  internes,  doivent  satiafaire 
l'impdratlf  ddlais  et  l'imndratif  autonomie.  L'inpdratif  precision  doit  au  moina  Atre,  dans 
un  premier  tempo  aatiafait  en  oe  qui  oonoerne  la  meaure  dos  performances  reglementairea. 
L'dtude  mende  a oonclu  h la  possibility  d'utiliser  de  tela  moyena  et  a orientd  lea  recher- 
ehes  vers  l'utilisation  conjointe  d'un  calculateur  embnrqud. 

1 - TRAJSCTOURAPHIiO  1'All  RADAR  LASER 

1.1  - Introduction 

Avec  lo  ddveloppenent  eroiasant  des  aystfemea  modernes  d'approclie  et  d'atterriasare  deB  aviona 
et  hdliooptferea  civila  railitairea,  il  devenait  de  plua  en  plua  neeessaire  de  disposer  d'un  moyen  de 
trajeetographie  effioace  rd pond ant  h cortainea  conditional 

aur  - la  nrdoision  des  rdsultats 

- la  rapidite  de  depouillenent  des  nesurea 

- lea  dquipenents  et  modifications  & apporter  & l'avion 

Le  systems  3TKADA  a finalenent  etd  retenu  et  mis  au  point  par  le  S.S.C.l'. 

C'est  un  ayst&ne  nonostatique  et  autonomo  qui  utilise  un  radar  a LASSE  - L'dcho  infrarouge  eat 
renvoye  par  un  dispoaitif  rdtrordflecteur  irujtalld  aur  l'avion  et  eat  re$u  par  uno  ootiqr.e  collectrice 
coaxiale  du  faisceau  d'emioaion  LASER.  Jn  rdcepteur  d'doartometrie  fournit  les  coordonndes  anyulairea 
de  la  cible  - on  rdcepteur  de  telometri*  fournit  la  distance  de  la  cible. 

1.2  - Description  d'ensemble  (Figures  1.1  et  1.2) 

La  station  est  constitute  d'un  radar  LASER  ou  LIDAR  (Light  Detection  and  R«n"ing)  plact  au 
sommet  d'une  petite  tour  d'uns  Jiaaine  de  nitres  de  bant  et  d'tquipenents  de  calcul,  de  visualisation 
des  rdaultata,  de  eonmande  et  de  contrflle  rassembles dana  un  bAtinent  communiqunnt  aveo  la  tour. 

L'tmetteur  LASER  a impulsions  et  l'enaer.ble  rtception  aont  aupportts  par  une  tourelle  de  paur- 
auite.  L'orientation  de  son  axe  de  viaee  est  caract<>riate  par  les  angles  de  site  (s)  et  giseme.at  (c) 
meaurea  sou3  forme  digitals  par  1' intermedia  ire  de  eodeurs  de  position  disposes  sur  la  tourelle. 

L'ener.gie  lunineuse  recuelllie  par  le  rdtroreflecteur  e3t  alora  distribute  - en  part^e  dan3  un 
dispoaitif  de  "tenure  de  distance  (d)  par  calcul  du  retard  entre  impulsions  tmises  et  rejues 

- en  nartie  dans  un 

dispositif  d'ecartomfctrle  mesurant  les  tcarts  anyulaires  en  site  (As)  et  en  -isement  (A  5)  stoarant 
1'axe  de  visee  LV3ER  de  la  direction  tmetteur  LASER  - rttror'flecteur.  Ces  dernieres  informations 
nermettent  la  eoursuite  precise  de  l'avion  par  la  tourelle. 

Les  valeuro  angulairea  S,  C,  AS,  Q G et  la  distance  D sont  transmise3  h un  calculateur  qui 
assure  le  calcul  en  temps  r^el  des  elements  de  la  tra.joctoire  et  l'“dition  de  la  position  et  de  la 
vite3se  du  point  de  reference  avion  sous  forme  de  courbes  et  de  tableaux  de  chiffres. 

1.3  - Description  du  LIDAR 


La  tourelle  d'une  raas3e  de  380  kg,  asservie  en  site  et  yiaenent  supports  - la  source  LASER  avec 
un  systems  optique  de  reception 


d 1 tcartonfetiie  et  tclcnitrie 


- les  recepteurs 


vision  et  son  optique  associee. 


- une  camera  de  teld- 


1.3.1.  Le  LAS  Et 

Le  LASER  est  un  LASER  YAG  (criste.l  de  grenat  d 'Yttrium  - aluminium  dope  au  ncodyne)  de  struc- 
ture de  pompage  il  diffuseur  circulairej  il  est  pompd  par  une  source  continue  emettant  a 1,06|A  . 
La  security  d'emploi  de  l'emetteur  est  naaur4e  par  s 


- un  attdnuateur  optique  faisant  varier  la  puissance  crSte  dmise  de  5 kw  \ 50  w de  fa?on  que 
le  rapport  signal  sur  bruit  du  rdceoteur  reste  constant, 

- une  butee  mycanique  actionnee  par  l'attynuateur  renseigne  le  calculateur  sur  l'ymission.  Un 
programme  de  test  autorise  ou  non  le  fonctionnement  du  LASER. 


Avec  ces  prycautiona,  lea  liraitea  de  security  sont  t 

- pour  une  exposition  accidentelle  de  1'oeil  : 10  m a 100  a 

- pour  une  exposition  prolongde  de  l'oeil  s 100  m It  1000  m 
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1.3.2.  3ervo-mi'cnniomes  asnocies 

Ils  ont  troio  modes  de  fonctionnement  i 

- en  comando  nanuello  de  vitosso,  nernettant  de  pointer  In  tourello  par  action  our  un  nsnche 
k roaoort.  On  ne  curt  alora  pour  la  dirip-er,  de  l'vcran  de  television. 

- en  designation  digltale  iooue  du  calculateur.  lino  odquence  de  bslayago  d'une  portion  de 
l'espace  est  aloro  programmes. 

- en  pourou' te  automatique  • 

1 .3.3.  Systkme  optique  de  reception 

II  a deux  fonctions  : - fournir  une  image  do  quality  our  la  voie  dcartonktrie 
- collector  un  maximum  de  flux  par  la  voie  tdleraetrie • 

1.3.4.  Recepteur  d ' dcartomktrie 

Le  systems  utilise  un  tube  k balnyage  dlectronlque,  sensible  h 1,06  , Les  coordonndes  du 

point  image  du  rdtrordfleoteursont  extraitos  du  signal  video  et  mesurees  par  rapoort  k un  reticule 
de  rdfdrence.  lilies  reprdsentent  I03  ecarts  A3  et  AO  qui  3ont  transmie  aux  servo-raucanismes 
de  la  tourolle, 

I .3.5,  ftdcepteur  de  tdldmotrie 

11  comprend  : 

- un  rdcepteur  sur  la  tourelle 

- un  chronomktre. 

Le  rdoepteur  comports  2 photodiodes  k avalanche  sensibles  k 1,06  , L'une  re?oit  ime  faible 

partie  de  l'impulsion  LASER  dmiae  l'autre  regolt  une  partie  de  l'impulsion  refldchis.  On  mesure 
l'intervalle  de  temps  separant  l'impulsion  "depart",  st  l'dcho  par  un  chronomktre  oomportant  une 
horloge  de  200  KHz-celui-ei  ddlivre,k  la  frequence  de  prdlkvement  de  50  Hz,la  somme  des  distances 
comprises  dans  une  fendtre  en  distance  (30Cm,  10  km)  avec  64  meBures  maximum. 

11  delivre  dgalement  le  nombre  de  ces  distances  validdes. 

Lea  informations  sont  disponibles  en  digital  dans  2 registres  de  19  bits  lus  sdquentiellement 
k 50  Hz  par  le  calculateur.  On  contrflle  l'dmission  LASER  au  moyen  d'un  bit  caractdrisant  la  posi- 
tion du  disque  d' attenuation. 

1.3.6.  Syst^me  de  television 

II  permet  la  visualisation  de  1'objectif  poursuivi  et  facilite  l'acquisition  et  la  poursuite. 

II  comprend  une  camera  fixde  sur  la  tourelle,  un  monteur  TV,  un  gdnerateur  et  mdlangeur  video  de 
symboles  numdriques,  des  commandes  k distance  du  zoom  et  de  la  camera. 

1.3«7.  Performances  et  conditions  atmosphdriques  d'utilisation 

La  portde  est  de  7 km  avec  une  surface  utile  de  retroreflecteur  de  50  cm2  par  une  visibility 
de  8 kn. 

Lea  vitesses  et  accelerations  de  la  tourelle  permettent  la  poursuite  de  l'avion  dans  toutes 
les  phases.  L'accdldration  atteint  Jusqu'k  2,5  rd/s^  en  site  et  en  gisement* 

Le  LIDAR  est  protege  par  une  coupole  climatisee.  II  fonctionne  de  - 20®  C k + 50®  C avec  une 
humiditd  de  100 

La  portde  est  rdduite  par  temps  de  brouillard  et  de  pluie. 

1.4  - Traitement  de  l'information 

Les  informations  brutes  en  provenance  du  LIDAR  sont  preievdes  syquentielleaent  par  les  aignaux 
d'une  horloge. 

Elle  sont  ensuite  traitdes  par  le  calculateur. 

1.4.1.  Le  calculateur 

II  comprend  « - une  unite  oentrale  avec  memoire  de  12  knots  de  20  bits  (dont  1 de  parity), 

- un  systkme  de  ddmultiplexage  qui  aiguille  Its  informations  sur  lss  coupleurs, 

- un  ensemble  de  coupleurs  qui  assure  1' adaptation  des  signaux  et  le  contrOle 
du  fonctionnement  des  peripheriques. 
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1.4.2.  Fonotiona  du  caloulateur 

La  calculataur  a essentiellenont  una  mission  temps  rdel.  See  prlnclpales  fonotlons  sont  t 

1. 4.2.1.  Fonotion  designation  da  l'objeotif; 

Las  ordres  lont  dlaborde  : 

- soit  k partir  das  informations  an  provenance  d'un  radar  d 'acquisition 

- soit  & partir  d'une  sequence  automatique  permettant  le  balayage  du  LASER  dans  la  sons 
d'attente  da  l'adronef. 

1.4. 2. 2.  Fonction  acquisition; 

Tous  lea  paran&tres  LIDAR  sont  lus  adnuentiellement  & 50  nz.  En  fonction  de  la  prdsente  da 
2 bits  correapondant  aux  seii.3  de  detection  et  de  pourauite  de  l'dcartoradtre,  le  calculataur 
envoie  un  ordre  de  pourauite  aux  servo-necanismes  de  la  tourelle  . II  contrfile  les  commandes 
du  pupitre  & 10  Hz, 

1 .4.2.5.  Contrfile  de  la  puissance  d' emission  du  LASER: 

A 50  Hz,  le  calculateur  teate  la  presence  du  bit  oignalant  la  butde  du  diaque  attdnuateur  ii 
l'dmiasion  (puiaaanco  eniae  minimale).un  bit  de  eommande  aetionne  ou  non  la  fermeture  d'un 
relaia  autoriaant  l'allumage  du  LASER1. 

1.4. 2. 4.  Fonction  calcul: 

Dea  interruptions  isaueo  de  l'horlogo  commandant  2 cycles  de  calcul  : 

Un  cycle  court  de  2C,ms  (50  Hz)  ou  lea  infomationa  distances  aont  moyenndea  et  transformdea 
en  metres;  lea  corrections  d ' dcartomMrie  sont  effectudes;  lea  coordonneea  cartesiennes  sont 
calculdes  dana  un  trifedre  lid  ?i  la  piste^  partir  dea  eoordonndea  apheriquea. 

Un  filtrate  efficace  dlinine  le3  raeaures  aberrantes. 

Un  cycle  Ion,-  de  100  ma  effectue  : 

-le  lineage  de  la  position, 

-le  calcul  des  compoaantea  liasees  ie  la  vitesae. 

1.4. 2. 5.  Fonction  visualisation: 

Faite  eosentiellenent  sur  le  pupitro  ellerenBeigne  l'opdrateur  but  le  fonctionnement  des 
dquipements  de  la  station.  Elle  consiste  en  : 

- des  sorties  numdriques,pour  affichage  sur  tubes 'Uixie", 3,  0,  D,  X,  Y,  Z. 

- des  comptes  rendus  de  fonctionnement  et  des  commandes  (autorisation  LASER,  butde  du  disque 
attdnuateur...). 

1.4. 2. 6.  Gestion  des  pdriphdriques  : 

Lea  informations  calculdes  sont  envoydes  sequentiellement  dans  dee  coupleurs  qui  lea  aiguil- 
lent  i 

- d'une  part  vers  une  unitd  de  bands  magndtique, 

- d'autre  part  vers  un  traceur  de  courbe  impriaante. 

1.5  - Pupitre  d 'exploitation  et  de  contrfile. 

II  raasemble  lea  fonctiona  pernettant  & un  opdrateur  de  mettre  en  oeuvre  le  LIDAR  et  d'en 
contrfiler  le  fonctionnenont^et  i un  ingdnieur  d'essai  de  diriger  et  surveiller  le  ddroulenent  de 
l'essai. 

Le  site  et  le  giseioent  de  la  tourelle  sont  affichds  numdriquement  en  degrda,  dixifemea  et  cen- 
times de  degrds;  la  distance  de  l'objectif  eat  affichde  en  mfetres.  La  puissance  crfite  laser  dmise  eat 
affichde  par  dispoaitif  annlogique. 

Lea  coordonndes  de  l'avion  dans  le  rdfdrentiel  lid  a la  piste  sont  afficheeo  numdriqueraent. 
L'ingdnieur  d'essai  a une  visualisation  inatantande  de  la  position  de  l'avion. 

Le  pupitre  pernet  : 

- la  eommande  de  l'dmetteur  LASER,  de  raise  en  marche  et  arrfit  dea  circuits 

- la  eommande  de  la  tourelle  en  pourauite  automatique  ou  nianuelle  (nanche  h reasort) 

- la  eommande  de  l'objectif  zoom  et  de  la  caradra  du  systems  7V, 

Les  comptes  rendus  d 'alimentations  dea  dquipements  et  des  alarmes  sont  dgalement  visualisds. 
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1.6  - Cooperation  do  1 'avion 

Bile  eat  minimnle  et  pncsivo. 

Un  ensonblo  do  triodrns  rdtror'f loctoura  optiquoa,  oat  montd  our  la  parol  extdrieure  ot  le  plua 
pr'‘o  possible  du  centro  do  qrnvitd. 

Lo  nannoau  eomnorte  20  trifedres  de  4 cm  d'arlte 

Lea  tri&drea  aont  des  ooina  do  etiboah  bane  dquilatdrale  en  verre  et  on  silloe. 

1.7  - Performances  obtenues;  utilisations  du  aye  tome  (figure  1 ,'i) 

Lea  performances  i»  STR.lllA  impoodos  par  doo  exigences  dea  esssis  dee  syntfcmes  d'atterrissages 
automatiquos  de  categoric  III  lui  conforent,  nur  l'ennemble  do  aon  dtendue  de  mosure,  une  ordoision 
supdrioure  a celle  n 'ceaaltde  oar  lea  eanais  des  ays tunes  de  catdgorie  I et  II  (voir  tableau), 

Ceoendnnt  la  nrooagation  a une  certaine  influence  mir  la  precision  du  systbne. 

Le  milieu  de  propagation  ^tant  un  milieu  stochastique,  la  temperature  ot  par  consequent  l'indi- 
ce  de  l'air  varient  de  fapon  aldatoiro  tout  au  long  du  tra/jot  lumineux.  Le  phdnom^ne  ae  traduit  nnr 
den  fluctuations  don  grandeurs  mesurdea. 

La  frequence  dlevde  don  meaures  de  distn"ce  per  not  de  reduiro  dans  une  grande  proportion  lea 
erreura  al‘»atoires  dont  sent  aTectden  cea  meaurea. 

Leo  nesuros  ori'’nir«s  effectives  mar  lo  LIDAR  ont  une  precision  de  40  cm  en  distance  et  de 
1('-4  en  .site  et  en  azioit  pour  den  ordleve  ienta  a 60  ilz.  Ce  s’mtfene  de  haute  precision  pos3';de  de 
nombroux  ^vantages  nar  rnn  iort  nux  moyens  de  tra.iectographie  optiquo  traditionrelo  utiliaant  lea  cind- 
tlieodolitea.  II  delivre  en  tenp3  rdel  la  precision  denandde  et  perms t de  a'affranchir  dea  travaux  de 
ddriouilleuont  qdndral.e'  Cnt  lon^s;  do  plua  il  possede  une  grande  aouplease  grliice  !i  un  cnlculnteur  nro- 
T-imnable  et  no  n:ceaeite  nur  l'nvio'-  qu'un  equipement  passif  et  minimal, 

2 - L?ILI3Vi10'.'  !>M  AOU  '3  TlfKlC-a  .ill  VRAJ  OTCCilAPUIB  • 

2.1  - Cb.jeetifs. 

Les  uoyens  courannont  utilisda  font  anoel  ?i  la  technique  cin 'matographinue  et  ndeessi  tent  un 
ddnouillonent  lonr  et  dif ficilement  nutonntisable,  Bn  outre,  ce3  noyena  r.dce3sitent  une  implantation 
relativonant  inportante  au  aol,  une  eonnnissance  pr'eise  des  emplacements  g'ographiques  dec  poatea,  qui 
compliquent  la  realisation  d'ossais  3ur  terrains  non  prdvu3  a cet  effet.  Par  ailleura  lea  moyens  opti- 
que/it  n'-cesaitent  des  conditions  ndtdorolopiquea  minima  <iue  l’on  ns  rencontre  oas  facilemcnt  aveo  une 
nrobabilitd  suffinante  nur  tons  leg  terraina. 

Aussi  l'emploi  d'une  centrale  a inertie  riour  rostituer  la  trajectoire  dans  le  clan  horizontal, 
aaaooiee  h une  radio  sonde  pour  -iiesurer  la  hauteur,  s’ent  av:rd  intdressant  pour  rendre  l'avion  auto- 
none  et  pour  obtenir  ranidement  lea  rdsultats. 

Toutefois  les  erreura  .-o  re3  mix  aysthnes  inertielc  rendent,  en  l'dtat  actuel  de  leur  technolo- 
pie^n'cesnaire  l'utilisation  d'une  mdtbode  de  correction,  ainai  que  nous  allons  le  montrer. 

L1 ''valuation  qui  a “t“  fo*  te  de  ces  matdriels,  associds  a cette  ndthode,  a montrd  que  l'utili- 
sation do  controls?  a inertie  est  of fectlvoment  judicienx  et  permet  d'e'Tectuer  les  mesurea  avec  la 
precision  requise,  tout  en  sat:.sfai3ant,  les  critLres  opdrationnels  nouhaitds}  notan.’ient  l'dtude  effec- 
tuee  autorise  l'utilisation  de  ce.-itralc  a inertie  eouplde  a un  calculate;!!’  enbarqiV,  dotd  de  pdriphd- 
riquos  rapides,  ■’er  ettnnt  la  restitution  en  temps  reel^h  bordfdes  elements  de  trajectographie, 

2.2  - Principen  gdndraux  do  la  navigation  nar  inertie 

Bette  navigation  exploite  essentiellement  des  uesures  internes  que  l'on  utilise  pour  restituer 
la  position  et  la  vitesee  du  mobile.  II  est  nulleuent  dans  notre  nropoa  de  ddvelopper  ici  la  theorie 
co.nplbte  des  systemeo  inertielc;  il  e3t  toutefois  utile  de  montrer  comment  ces  systfemes  sont  consti- 
tudq  ot  quolc  princiues  ilc  utilisent. 

tIou3  savons  qu'un  mobile  soustrait  & l'influence  do  toute  action  extdrieure  est  anime  d'un 
mouvement  reotili"ne  et  uniforue  o.ar  rapport  a un  rephre  nb3olu.  Il  eat  nlors  impossible,  sans  refe- 
rence extdrieure,  do  connaltre  sa  ”i lease.  3i  un  mobile  est  soumis  a de3  forces  extdrieures,  son  rnou- 
vemeni  e3t  defini,  h cha-’ue  instant  par  un  vecteur  nccdldration  ^ , parall&le  ?i  la  rdaultante 

des  forces  appliqude3,  aelon  la  loi  bien  connue  de  proportionnalite  : ^ s 

Le  iropoa  de  la  navigation  per  inertie  eot  d'utiliser  1'effet  de  cette  loi  sur  des  masses  pla- 
ceea  exclusive nent  a l'interieur  du  mobile  pour  dvaluer,  dans  un  triedre  ddtermind,  la  partie  dea  forces 
extdrieures  non  d>ie  aux  forces  de  gravitation. 

’Iou3  allons  examiner  rapidemont,  comment  peut-6tro  rdaliad,  en  a'inapirant  de  ces  principes, 
un  module  simplifid  de  navigateur  inertiel  h un  axe, (Figure  2.1 ). 
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L'ensemble  eat  constitud  d'une  platefonie  mobile,  oomportant  un  accdldrombtre,  un  gyroscope  et  un  ayatbme 
d'aaservisaement.  Cet  aaserviaseinent  eat  conju  de  telle  manlbre  qu'il  nalntlenne  la  plate-forme  k l'hori- 
rontale  du  lleui  pour  parvenir  h oe  rdaultat  al  V eet  la  vltease  du  mobile,  on  volt  qu'il  faut  commander 
un  ddfiloment  03c  bgal  h la  vltease  diviabe  par  le  rayon  terreatre  dans  le  caa  ou  le  modble  terreatre 
retenu  eat  sphbrique  ,tant  an  ce  qul  concerns  aa  pdondtrle^ue  son  champ  de  gravitation.  L'ensemble  alnoi 
rballab  rdpond  h un  modble  du  second  ordre  (figure  2,2), 

La  propridtd  fondamentale  de  ce  ayatbme  eat  qua  aa  pbriode  propre  eat  bgale  b la  pbriode  CO  de 
Schiller  (valeur  t 84  minutes  environ) | c'eat  cells  d'un  pendule  simple  d)nt  la  longueur  aeralt  bgale  au 
rayon  terreatre. 

2.3  - Sohdmatiaation  dea  erreura  en  navigation  lnertielle 

Le  modble  dberit  ci-deaaus  n'est  qu'un  oaa  trba  idbal.  Toua  lea  compoaanta  utillsba  dans  lea 
eyatbmes  rdels  aont  lmparfaita.  Lea  aeedldrombtrea  ne  donnent  pas  la  composante  vraie  P de  la  force 
spbcifique.  Ila  aont  affectba  d'un  biaia  et  d'un  facteur  d'dchelle.  L'enjemble  d'aaaerviasement,  k cause 
dea  ddrives  dea  gyroacopes  et  dea  imperfections  du  modble  thdorique  no  rdalise  paa  parfaiteaont  le  defi- 
lement attendu  COft  • On  obtient  ainai  un  modblo  d'erreura  dldnentaires,  auquel  s'ajoutent  dea  erreura 
d'inlciallsatlon  but  i 

- la  position  A 5C0 

- la  viteaae  O X, 

- la  verticals  <f> 0 

Le  rdaultat  eat  que  le  modble  dberit  avant,  ne  a'appl'que  plua  et  qu'il  faut  recourir  k un  r.ou- 
veau  modble  (figure  2.3). 

ivec  un  tel  ayatbme,  au  bout  d'un  temps  t do  navigation  la  verticals  eat  fauase  d'un  angle  ft, 
la  position  de  Ax  , la  viteaae  de  Ax  • 3ur  l'accbldration  apparel t une  composante  de  gravitation,  due 
k l'erreur  de  verticals,  et  ce  rdaultat  lui  mime  eat  affeetd  dea  erreura  de  mesure  de  1' accdldrombtre. 
Bien  sur  1'iivolution  de  verticals  eat  auasi  erronde  puisque  la  chafne  oorreapc’.dante  eat  imparfaite. 

L'enaemble  dquivaut  k un  modble  d'erreur  en  position  du  second  ordre  dont  la  pdriode  propre  eat 
cells  de  Schiller.  L'bquation  complbte  de  ce  modbla  eat  i t 

Ax  -t  oo*Ax  s b - + <jjzAx#-  2 Kg  (x-x#)  -gj  £ dt  + Ka  £ 

Un  tel  processus  introduit  dea  erreura  de  navigation  oscillatoire  autour  d'un  modble  de  base  , 
du  principaleraent  k la  ddrive  du  ayatbme  de  verticals;  la  ddrive  en  viteaae  rostant  purement  pdriodique. 
La  pdriode  en  question  dtant  asaez  longue,  pour  dea  durbes  faibles  il  eat  possible  de  formulor  un  modble 
lindaire  par  rapport  au  tempo.  Ce  modble  comportera  en  terme  constant  l'erreur  initiale  de  vitesse  et  en 
pente,le  biaia  de  l'accdldrombtre  et  l'effet  de  l'erreur  initiale  de  verticalef  ai  on  pousaait  plus  loin 
l'dvaluation  de  cette  errour  on  verrait  que  le  terme  du  second  ordre  eat  du  principaleaent  k la  ddrive 
du  gyroscope. 

Dans  le  mouveraent  gbnbral,la  partie  du  premier  ordre  observable  au  point  fixe  ae  conserve.  On 
peut  mine  dire  que  pendant  une  durde  relativement  faible  et  pour  dea  mouvements  tele  que  ceux,  couram- 
ment  rencontrds  en  adronautique  de  transport,  cette  partie  lindaire  constitue  la  partie  principale  de 
l'erreur.  L'exploitation  de  cette  reraarque  a dtd  ddveloppde  aystdmatiquement  dans  la  rabthode  de  trajec- 
tographie  que  nous  allons  ddcrire. 

2.4  - Trajectographie  inertielle  avec  recalagea  pdriodiquea  en  viteaae 

3i  on  dispose  k bord  de  l'avion  d'une  centralo  k inertie  domvmt  lea  compoaantea  Nord  et  3st 
de  la  vitesse  sol,  il  eat  aisd,par  changement  d'axe  et  intdgration^d'obtenir  lea  viteaaea  selon  l'axe 
de  plate  et  perpendiculairement  k celui-ci  ain3i  que  lea  distances  parcouruea  selon  ces  directions^, 
depuis  le  ddbut  de  1'intdgration. 

Pour  obtenir  dea  viteaaea  Nord  et  Rat  los  plus  exactes  possibles  on  ef>*ectue,  en  une  pbriode 
voisine  de  l'utilisation,  une  observation  de  Involution  dea  vitesses  donndes  par  la  centrals,  pendant 
un  point  fixe.  De  cette  observation  on  dbduit  la  partie  lindaire  dea  ddrives,  en  fonction  du  temps. 

Pour  effectuer  la  correction  aur  une  pbriode  voisine  on  suppose  que  ce  modble  de  derives  se 
conserve  (figure  2.4). 

On  a ainai  pour  tout  instant  auivant  1' observation  dea  ddrives  s 

f SV*(t)  = 5V*(t,43o)  1-  b*  .ft  -(t,i30)] 

\ : S ve  (t.oo)  + b*  . [t  -(tet3o)] 

et  pour  tout  instant  prdcddant  1' observation  dea  ddrives  s 

I ♦ VJ  .(t-U 

\ 5vel t)  = ^V,(t.)  ♦ bj  .(t-0 
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L'utllisation  d'uno  correction  de  ce  type,  on  remontant  le  tempo,  interdit  la  correction  temps  rdelj 
co  n'eot  pne  c®nnnt  pour  don  oo3ais  avec  onro^dstremonti  main  dano  lo  can  d'uno  installation  embarqude 
ponnddant  la  capacity  tempo  riel,  cela  interdit  la  pratique  Hi  tempo  rdel  dann  un  tel  caa. 

Le  profil  d'utilioation  rotenu  oat  t 

- point  fixe  de  30",  avec  enroll otremont  des  vi teases  Nord  et  Hat.  Cea  valeurs  corriperont  lea 
donn^ea  dn  ddcolla^e. 

- di'-collaro  avoc  enropiatrorcnt  h 1 par  seconde  dea  vitenaeo  Uord  ot  Hat,  de  la  hauteur  radio 
nonde  et  dea  paranhtrea  andmom'tripue3. 

- approche  ot  atterriaan.qo,  erireqiatrercont  des  rnrannHres,  coniine  pour  lo  dileollaqe 

- point  fixe  de  30",  lea  valeura  recueullliea  corriqeront  lea  donn^ea  atterriaoage. 

2.5  - Materials  utilises 

I.'oua  ferona  alluaion  ici  osaer.tiellement,  aux  naterielo  qui  ont  ote  utiliada  u Brdti.qny  pendant 
la  phase  probatoire  ou  ont  ot<5  vdrifieea  len  precisions  obtenuoa  avec  ce  moyen  d'enaai. 

La  centrale  h incrtie  dtait  du  tyne  SAGSil  S 111.  Ce  inat4riel,  quoiquo  ancien,  nou3  a pernia 
de  r.oner  touo  les  vole  d' evaluation  et  done  de  verifier  lea  principoa  enoncea  precedennent . 

Pour  la  noaurc  dea  hauteurs,  l'avion  etait  equine  d'une  radio  sonde  TRT  A!!  V6.  Ce  materiel  ?i 
modulation  de  frequence,  s'eat  revele  &tra  d'une  excellente  precision  h baaae  altitude.  Lea  donnoea 
"bord"  etaient  onreristreea  par  lo  oyat-V.o  d'aoquioition  H'i-iAlJUUL  ( B’D ) . 

L'avion  utilise  etait  un  bi  turbo  propul  seur  du  tppe  fiord  260.  Les  Elements  caraotdriotiquea  pour 
des  conditions  oourante3  aont  i VI  = 90  kt  * 

Vr  = 95  kt 
V2  a;  90  kt 
1,3Va  = 90  kt 

2.6  - Profil  d'un  vol  devaluation 

Le  but  des  decollnfes  et  atterriasaqes  devaluation  etait  de  verifier  lea  precisions  obtenue3 
ear  ce  proo'de  de  trajectoqraphie.  Pour  cela  oes  phases  de  vol  ont  eti  '-ouvertes  efjalemont  oar  oine- 
thdodolitea.  Lea  nolens  de  synchronisation  courant3  ont  pernio  de  reealer  l'une  par  rapport  u l'autre 
lea  tra.jectoirea  obtenuea  d'uiie  part  a nartir  dea  enre<-iatrener.ta  dea  donr!ea  inertielloa,  d'autre  part^ 
h oartir  des  photographies  cinethdodoliteo. 

Le  vol  consiate  en  toura  de  piste  : lo  deco  11  ore  eat  consider^  du  lnoher  dea  freina  juaqu'a  une 
hauteur  d'environ  4C0  piedaj  l'atterri3snqe  "at  consider1'  a pnrtir  de  400  piedo  jusqu'.a  l'arr6t  oomplet. 

2.7  - Precisions  obtenuea 

Les  resultata  utiles  concor.nent  60  passes.  Ila  portent  aur  loo  ecarts  obtenus  en  vitesses  at 
poaition  entre  loo  cinetheodolitea  et  l'inertie.  Ila  aont  formulas  en  axes  piste.  La  distance  pareourue 
dana  la  portio  utile  des  passes  eat  d'environ  2 50C  m. 

Pour  1«b docollcfrea  on  obtient  lea  courbea  d'erreurs  de  la  figure  (2.5) 

On  aeut  retenir  pour  66‘»  dea  points  : 

( AV,  4 0,6  kt 
t4  60  4>  (X4  3ooow)  : |AX  ^ 1Qm 

Le  temps  do  paaae  eat  oelui  qui  separo  du  recala^e  , 

i*ln  oe  qui  ooncerne  lea  atterri33aren  on  obtient  lea  courbe3  de  la  fiqure  (2.6) 

et  aour  66',  dea  points  on  a s 

’ av„  4 o,5  kt 

AX  8 m 

Wous  pouvona  done  conaiderer  que  la  methodo  de  correction  utilisee  cermet  la  mesure  dea  perfor- 
mances de  decollaro  et  atterriaaare.  Cons  notona  aus3i  ou'une  correction  d'ordre  suadriour  aerait  trbo 
certainenent  quoiquo  ne\;  illuaoire.  Bile  pourrait  rent  §tre  se  reveler  utilo  oi  la  .luroe  de  mesure 
auqrontait;  nais  il  faudre.it  alors  mv:  enter  la  dur'e  d’obaervation  au  point  fixe;  la  procedure  devien- 
drait  trop  longue. 
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j ERREURS  POSSIBLES  (2  <r) 
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FIG:  1.3 


^ 0,5  m/s  < 0,2  m/i 


DIAGRAMME  FONCTIONNEL 


